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ABSTRACT
NON-VOLATILE DISSOLVED ORGANIC IODINE IN  MARINE WATER
Xianhao Cheng 
Old Dominion University, 199 8 
Director: Dr. George T. F. Wong
An analytical scheme for the determination of marine DOI 
has been established. The concentration of DOI is estimated as 
total iodine (TI) minus total inorganic iodine (TII). The 
concentration of total iodine is determined as 10'. after DOI 
has been oxidized to inorganic iodine quantitatively by 
intensive UV-irradiation and all the inorganic iodine in the 
samples had been converted to 10'. by the addition of NaCIO.
Production of DOI in seawater can be via both non­
phytoplankton and phytoplankton related processes. In the 
former, iodide is converted to DOI. In the latter, most 
likely, iodate is converted to DOI. Naturally occurring 
phytoplankton in shelf break water contribute more to the 
production of DOI than that in the open ocean.
DOI can be rapidly decomposed when exposed to sunlight. 
The half life of the photolysis was only on the order of 
hours. The product of the photolysis is iodide, while iodate 
concentration remains constant. In a sample, at least 70% of 
DOI can be decomposed by UV-A to visible light.
In the stratified water column of the Chesapeake bay, 
high concentrations of DOI could only be found in the surface 
mixing layer. While normalized total inorganic iodine appeared
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
depleted in surface water, normalized total iodine had little 
change in the water column. A box model calculation for the 
Chesapeake Bay water column demonstrates that iodate in the 
incoming open ocean water is the major source of DOI in the 
estuary.
In the slightly stratified James River estuary, DOI was 
the dominant species of iodine, where iodate was absent below 
the salinity of 15. From the riverine input (0.0) to the 
Chesapeake Bay mouth (18.6), total iodine displayed a linear 
relationship with salinity. Thus, iodine behaved 
conservatively in the investigated environment. Instead of the 
removal or addition of iodine from solid phase, it was the 
species conversion among the dissolved forms which led to more 
or less non-conservative behavior of the individual species.
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As the chemical behavior and bioavailability of any 
element in the environment depend on its speciation (Stumm & 
Morgan, 1981) , relations among various chemical species of the 
elements and the relevant chemical and biological processes 
that control their speciation have received growing attention 
in the past several decades (Donat and Bruland, 1994; Wells et 
al., 1995) . Iodine is a valuable candidate for studying these 
relationships. Being both the most abundant biophilic minor 
element and a redox sensitive element, iodine can be in 
several redox states and participates in both inorganic and 
biologically mediated reactions (Wong, 1991) .
Iodine exists as iodate, iodide and dissolved organic 
iodine (DOI) in marine water. Iodate, the thermodynamically 
stable form of iodine, is proposed to be the dominant sink of 
dissolved sulfide and which may affect the existence of trace 
metals by forming dissolved metal sulfide complexes or 
insoluble compounds in the ocean (RadFord-Knoery and Cutter, 
1994) . Thus, the geochemical behavior of iodate may affect the 
global cycle of sulfur directly, as well as the existence of 
trace metals indirectly. Iodide, the most abundant inorganic
The journal model for this dissertation was Deep-Sea. Research
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reducing species in surface ocean, may influence Che chemistry 
of trace oxidizing species, such as H;0;, O ' and NO (Chameides 
and Davis, 1980; Thompson and Zafiriou, 1983; Waite et al., 
1988) . Those photochemically-produced free radicals in natural 
water react readily with most organic compounds and, 
therefore, are of significant role in chemical and biological 
processes in marine environments(Zafiriou, 1977; Zhou and 
Mopper, 1990) . As far as the marine ecosystem is concerned, 
not only can the biophilic nacure of iodine serve as a probe 
in studying the interaction between chemical elements and 
marine organisms, but it can also be used to trace the carbon 
cycle and to evaluate the regenerated and new production of 
phytoplankton (Luther and Cole, 1988; Jickells et al., 1988; 
Tian et al. , 1995) . Despite the well-documented information of 
iodate and iodide, the marine chemical literature contains no 
example of a well-understood iodine system involving DOI. 
Until the past decade, the role of DOI as a component of 
iodine in sea water was virtually ignored. Recently, however, 
significant quantities of DOI, up to 70% of total iodine, were 
found in marine water (Ullman et al., 1990; Luther et al., 
1991; Tian et al., 1995) . Contributing greatly to the pool of 
total iodine, DOI should not be overlooked in studying the 
marine geochemistry of iodine.
Compelling evidence of the presence of DOI in marine water 
provides a probe for a new aspect of study, which was ignored 
by the vast body of literatures regarding the marine chemistry 
of iodine. However, it also shows problems existed in previous
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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studies: (1) The documented information, which ignored the
participation of DOI in the marine geochemistry of iodine, may 
not represent the true natural processes of iodine. Since many 
previous studies obtained iodate or iodide concentrations from 
the difference between total iodine and iodide or iodate, 
which mainly relies on the use of the methods introduced by 
Barkley and Thompson (1960); Takayanagi and Wong (1986), and 
may contain an unknown fraction of DOI, the validity of those 
results is debatable. (2) In spite of the growing literature on 
the existence of DOI in marine water, few investigators have 
accurately measured DOI, thus the quantitative accuracy of 
this information is still questionable. DOI was discovered in 
marine water several decades ago (Truesdale, 1975) and past 
studies did not report high concentrations of DOI in marine 
water even in estuaries where the highest concentration of DOI 
is reported in recent studies. There is no research that 
mentions the difference in analytical methods which may have 
resulted in the difference of measured DOI concentrations 
between past and recent studies. As a result, we do not know 
which information is more reliable. As a matter of fact, 
before the successful development of the direct measurement of 
iodide in seawater (Luther et al.,1988), no method available 
was capable of unequivocally distinguishing between organic 
iodine and iodide. It appears that although the marine 
geochemistry of iodine has been studied intensively for 
decades, and iodine has been shown or suggested to be involved 
in a wide variety of important processes in marine
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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environment, a large part of the information presented by 
previous research may be inaccurate or even incorrect because 
of the limited knowledge in marine DOI. A further study on the 
marine geochemistry of DOI is thus strongly needed in order to 
improve our understanding.
The purpose of this research is to evaluate past 
information by reviewing the previous analytical methods, 
develop a reliable analytical method for the determination of 
DOI in marine water, identify the source and sink of marine 
DOI, and provide a more complete picture of iodine marine 
geochemi s t ry.
QUESTIONS AND APPROACHES
The specific questions addressed by this research 
include:
1. Can a svecies specific analytical scheme he established to 
unequivocally distincruish among iodide. iodate and DOI?
2. What is the source of DOI?
3. What is the fate of DOI in marine water?
4. Where can we find a sicrinificant concentration of DOI and 
what is the role of DOI in iodine marine cycle?
Pertaining to question one, it was hypothesized that:
I. Total iodine in seawater can be determined as iodate with
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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a polarocrraphin analyz&r after the sample is irradiated hv 
intensive UV and the iodine* in reduced form is oxidized by the 
addition of NaClO.
Since iodide and iodate concentrations can be 
independently and accurately determined with a polarographic 
analyzer, the concentration of DOI can be obtained by the 
difference between the "total" and the sum of iodate and 
iodide.
The scheme was established by the implementation of two 
experiments. First, an experiment was carried out to verify 
the UV-irradiation efficiency and the time required for the 
decomposition of DOI in natural water. The decomposition of 
DOC was used as a theoretical reference. Second, an experiment 
was used to check the precision and accuracy of the method. 
Samples from different geographic locations were analyzed and 
a variety of known DOI compounds were used to check the 
accuracy of the method. In addition, the accuracy of the 
method was further checked by the comparison of results with 
the ICP-MS method. The results are presented in Chapter Two: 
"Determination and Analytical Implication of Marine Dissolved 
Organic Iodine."
Concerning the second question, the following hypothesis 
was addressed:
2. DOT nan be produced via both ohytoplankton and non- 
phytoolankton related processes
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Incubation experiments using specific phytoplankton 
species, Skeletonema costatum (a coastal diatom) , Amphidinium
carterae (a coastal dinoflagellate) and natural occurring
phytoplankton species from Atlantic Ocean Cruise (May/1995) 
were performed to monitor how these species affect the 
existence of iodine species in marine water. The reactions of 
iodine species with organic compounds in natural water and 
humic acid in artificial sea water were also monitored under 
different conditions. Combining the laboratory experiments 
with a comprehensive field observation should produce accurate 
results to answer this question. The results are presented in 
Chapter Four:"The production of DOI in Marine Water".
Regarding the third question, the hypothesis was that:
3. The maior fate of DOI in marine water is to undergo solar- 
induced decomposition
A possible route for the decomposition of DOI was tested: 
The result from the above experiment will not only give the 
answer for the concerned question but also offer a clear 
picture about the biogeochemical process of iodine species in 
marine surface waters. The results are presented in Chapter 
Five: "Sunlight Induced Production of Iodide: The Decomposition 
of DOI in Marine Water."
Dealing with the last question, the hypothesis to be 
tested was:
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4. DOI can be a maior species of iodine in coastal water and
participation of DOI in iodine cvcle results in more or less
non-conservative behavior of inorcmanic iodine species
The research area covered the Chesapeake Bay, James River 
and Hog Island Bay, Mid-Atlantic Bight and Gulf Stream. 
Concentrations of iodate, iodide and DOI were determined. 
Ancillary parameters such as nutrients and salinity were also 
obtained. A part of the results from Mid-Atlantic Bight, Gulf 
Stream and South-Atlantic Bight has been published (Wong and 
Cheng, 1998) , and therefore will not be included in this 
thesis. The result has provided a general distribution pattern 
of iodine species from coastal water to the open ocean. 
Results that will be presented in this research are expected 
to further improve the understanding of iodine marine 
biogeochemistry in coastal estuaries. It is presented in the 
Chapter Six: "Dissolved Organic Iodine in the Chesapeake Bay" 
and Chapter Seven: Speciation of Iodine in the James River
Estuary. "The results from Hog Island Bay are listed in the 
Appendix E.
A B R IE F  REVIEW OF THE MOST RELEVANT PREVIOUS WORKS
Speciation and Occurrence of Iodine in Marine Environments
Iodine is the least abundant element of the halogens in 
seawater and exists in the form of iodate, iodide and DOI 
(Wong,1991). Concentrations of total dissolved iodine range 
from about 0.45 to 0.5 *uM (Wong, 1991; Truesdale, 1994) .
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Iodate and iodide concentrations are more variable than total 
iodine. The concentrations of iodate and iodide may range from 
< 0.1 to 0.45 and < 0.01 to 0.3 in the open ocean,
respectively. High concentrations of iodide are frequently 
found in the surface water and the concentration decreases 
with depth to an undetectable level below the euphotic zone. 
Concentrations of iodate are generally depleted in the surface 
water and increase concomitantly with the decrease of iodide 
in the water column to an almost constant level below the 
euphotic zone. Zonally, the depletion of iodate is greatest in 
equatorial regions while iodide shows an opposite trend 
(Sugawara and Terada, 1957; Barkley and Thompson, I960; 
Tsunogai and Henmi, 1971; Wong and Brewer, 1974; Elderfield 
and Truesdale, 1980; Campos et a., 1995). Distribution of
inorganic iodine species in the ocean has been well 
documented, however, knowledge on DOI is still quite limited. 
DOI in marine water was first detected by Truesdale (1975) at 
a concentration range of 0.004 to 0.04 /iM along the coast of 
UK, comprising about 0.6% to 13% of total iodine. Later 
discoveries (Butler and Smith, 1985; Ullman et al., 1990; 
Luther et al., 1991 Woittiez et al., 1991; Zhang, 1993; Tian 
et al., 1995) show that the ratio of DOI to total iodine
varies over a wide range in different areas. Considering the 
above results, several questions concerning the occurrence of 
DOI can be raised: Where can we find significant amounts of 
DOI? What kinds of environmental conditions are conducive to 
its presence? What are the processes that are responsible for
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
9
the occurrence of high DOI concentrations? Nevertheless, most 
of the studies were conducted on a limited area and, as stated 
in the introduction, due to the lack of available analytical 
method, present knowledge on iodine marine geochemistry is not 
enough to answer those questions.
Miyake and Tsunogai (1963) pointed out that the much 
higher ratio of I to Cl in the atmosphere may indicate that 
iodide in surface waters could vaporize as I under solar 
irradiation, thus affecting the iodine distribution. Chapman 
(1981) determined the distribution of iodine in the microlayer 
(about 300 Mm) and subsurface layer (50 cm) in nearshore 
seawater, and found no microlayer enrichment of iodate and 
iodide. However, he did not measure the concentration of DOI. 
Cheng et al.(1994) determined iodine species, including DOI, 
in both the microlayer (about 50 fum) and sublayer (30 cm) in 
the Antarctic Ocean water and found that there was no 
difference for inorganic iodine concentrations between the 
microlayer and sublayer waters but DOI could be much higher in 
the microlayer than that in the sublayer water. The enrichment 
factor was estimated to be about 2.4. According to Piotrowicz 
et al. (1971) , most of the observed organic enrichment is 
contained in a surface monomolecular layer, which would only 
be about 2x10" /mi, or in a microlayer (1 Ami) . If this is the 
case for DOI, even the high enrichment of DOI determined by 
Cheng et al. (1994) in the microlayer may still underestimate 
the existence of DOI by a factor of 50 or 2.5x10". Since the 
residence time of DOI in surface water is short, as it will be
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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demonstrated in this research, being rapidly destroyed by 
solar irradiation, it could be expected that the enrichment of 
DOI in the marine microlayer may have a direct effect on the 
global cycle of iodine.
Marine sediments have been shown to contain very high 
concentration of iodine, mainly associated with the organic 
fraction of the sediments rather than mineral forms (Price and 
Calvert, 1973; Harvey, 1980,- Kennedy and Elderfield, 1987). 
The iodine concentrations found in oxic marine sediments range 
10' to 10j ppm that cannot be accounted for by planktonic 
debris (Price and Calvert, 1973) . Price and Calvert (1977) 
suggested that plankton seston may adsorb iodine via reactions 
similar to the uptake of iodide by marine algae on the 
sediment surface. However, Ullman and Aller (1985) argued that 
enrichment of I in the oxic sediments could be the adsorption 
of iodate by Fe oxyhydroxide precipitated at the surface 
sediments. Moreover, Francois (1987) conducted a laboratory 
experiment which indicated that organic iodine could be formed 
in the sediment/water interface. He suggested a mechanism in 
which the humic materials could reduce iodate at the 
sediment/water interface to an electrophilic I species, which 
further reacted with the organic matter to produce iodinated 
organic molecules. Due to the ubiquitousness of humic 
materials in marine water (Moran and Hodson, 19 94 and 
reference therein) , the third mechanism presented by Francois 
also implies that marine DOI may be formed by the reaction 
between inorganic iodine and organic compounds. Consequently,
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distribution of iodine species may be affected.
A brief search of the scientific literature makes it 
clear that DOI may play a significant role, which has yet to 
be recognized, in marine biogeochemistry of iodine. However, 
much more information is needed before the role of DOI in the 
ocean can be evaluated. As a precursor to understanding the 
marine geochemistry of DOI, it is essential to first develop 
an adequate analytical method.
Argument: and. Controversy on Methods used for the Determination 
of DOI
Documented DOI concentrations in marine waters were 
mainly determined as the difference between total inorganic 
iodine (the sum of iodate and iodide) and total iodine, which 
was determined as iodate after oxidation of iodide and organic 
iodine to iodate. A variety of analytical methods for the 
determination of iodate and iodide were reviewed by Wong 
(1991) . Differences among the methods for the determination of 
DOI, which may result in the possible deviation in the 
interpretation of the DOI, are therefore due to the 
pretreatment for the decomposition.
a. Determination of total iodine after NaCIO oxidation: Luther
et al.(1991) and Tian et al.(1995) pre-treated the samples 
with NaCIO and determined iodate as the measurement of total 
iodine after the treatment. Harvey (1980) treated marine 
sediments with 5% NaCIO and found 80-90% of iodine in the 
sediments (most of them associated with organic compounds)
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could be leached. Whereas, Luther and Cole (1988) reported 
that this chemical oxidation recovers 100% of the iodine in 
iodoacetic acid, but only 50% of the iodine in thyroxine. As 
a matter of fact, it is still unclear whether the iodine 
associated with organic compounds in marine waters can be 
quantitatively liberated by this treatment.
b. Determination of total iodine after UV-irradiation:
Truesdale (1975) pre-treated samples with intensive-UV 
irradiation before the determination of total iodine. Butler 
and Smith (1979) performed the experiment with UV irradiation 
and later treated with chlorine water. It has long been 
demonstrated that photo-oxidation of dissolved organic matters 
gives essentially complete remineralization of most of organic 
compounds (Armstrong et al., 1966) . Since the bond energy of 
C-C is much higher than that of C-I (Solomons, 1982) , it is 
entirely possible that organic iodine compounds may be 
completely remineralized and converted to inorganic iodine 
under intensive-UV irradiation (Wong, 1991). Nevertheless, 
Truesdale obtained his inorganic iodine concentration by As-Ce 
catalytic method. It may be possible that naturally occurring 
iodine-containing organics release part of their iodine 
content when exposed to the As (III) reductant and the strong 
acidic solution during the procedure. Therefore, the organic 
iodine concentration determined by his method might be less 
than it should be. On the other hand, as reported by Herring 
and Liss (1974) , in water with high DOC, iodate may be 
utilized in reactions with organic matter during UV-
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iodine as iodate after UV-irradiation might also less estimate 
the amount of organic iodine. To overcome this obstacle, 
Butler and Smith (1979) used chlorine water to oxidize iodide 
to iodate, and defined the dissolved organic iodine as the 
difference before and after UV-irradiation. However, this 
treatment still has serious limitations. First, a serious 
interference may be from the incomplete destruction of the 
excess oxidant (Wong, 1982; Jickells et al., 1988). Second, 
NaCIO from chlorine water will destroy C-I bond, so that the 
difference before and after UV irradiation may still less 
estimate the concentration of dissolved organic iodine. 
Recently, two analytical methods were developed. In the first 
one, iodide is oxidized to iodate by the addition of NaCIO and 
the excess oxidant is destroyed by the addition of sulfite 
(Takayanagi and Wong, 1986) . In the second one, iodate is 
reduced to iodide by the addition of sulfite under acidic 
condition (Wong and Zhang, 1992). Total inorganic iodine is 
then determined as iodate or iodide by a polarographic 
analyzer. A combination of UV-irradiation with one of the 
methods can be valuable for the determination of total iodine.
An Investigation on the Possible Sources of DOI
The possible sources of marine DOI could be expressed by 
a conceptual diagram (Fig. 1.1). (1) directly from the
metabolism of organisms,- (2) association of inorganic iodine 
with the organic compounds in marine waters,-









Fig. 1.1. A conceptual diagram of the origination of marine DOI
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(3) remineralization of bio-genetic detritus by microbial 
processes.
a. Directly from mei-ahnl ism of orcranisms: A variety of marine
algae not only contain organic halogenate but also release 
them to seawater (Gschwend et al., 1985) . It has been 
established that for some brown algae, the enrichment factor 
of iodine can be as high as 1CT (Mauchline and Templeton, 
1964) . Mairh et al. (1989) studied iodine level in 21 species 
of marine algae from Okha. The result can be generalized as 
(1) Iodine levels show seasonal variations in the algae. (2) 
Most algae appear to have an increased level of iodine 
concentration from young to mature and the level declines when 
the plants start to degenerate. Iodine was reported to occur 
in marine algae as iodide, iodo-tyrosine (Scott, 1954) and 
iodinated aliphatic ketone (Rinehart et al. , 1975). Direct
observations were made by culture studies with labeled iodine 
compounds. Results showed that when the algae were kept in a 
K'J'I containing medium, the iodine was found in the whole 
thallus as iodide or incorporated in amino acid like 
monoiodotyrosine or diiodotyrosine (Scott, 1954; Tong and 
Chaikoff, 1955; Klempere, 1957). Recently, Moisan et al. 
(1994) used a short-term incubation to determine the uptake of 
iodate by phytoplankton. Short-term (hours) uptake of labeled 
(---IOf) was obtained in NO.' depleted cultures of all four 
species they tested. Logically, any organic compound existing 
in marine organisms may be found in marine water (Gagosian and 
Lee, 1981) . Iodo-tyrosine and related compounds have been
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found naturally occurring (Siuda and Bemardis, 1973) . In 
addition, a healthy phytoplankton cell may release some simple 
organic substances chiefly by diffusion through the cell 
plasmalemma (Nienhuis, 1981) . Large molecules, such as 
proteins and polyphenolic substances, are probably excreted by 
more complex processes though they are considered to be 
quantitatively unimportant (Fogg, 1975) . So far, the evidences 
show that inorganic iodine may be demanded by some 
phytoplankton and organo-iodine may be released by marine 
algae.
b. Bv inorcranic-organic reactions: Truesdale (1975)
hypothesized that unsaturated organic compounds in marine 
environment could combine inorganic iodine. Recently, it was 
further demonstrated that I: and HOI will be reduced to iodide 
and form organic iodine when reactive organic species are 
available (Truesdale et al., 1995) . In addition, Francois
(1987) found that humic acid could reduce iodate in sediments, 
with the ultimate products being organo-iodine compounds. 
Humic substances have chemical properties that suggest they 
are formed in situ by auto-oxidative reactions of plankton
derived organic compounds (Harvey, 1983). Since these 
materials are predominant in marine DOM (Zika, 1981) , an 
alternative understanding concerning the origination of 
organo-iodine could be that it was formed by the humic 
material related inorganic-organic reactions.
c. From the degradation of biocrenic detritus: The origination
of DOI from biogenetic particles is not documented. Wong et
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
17
al. (1976) reported the distribution of particulate iodine in
the Atlantic Ocean, though the amount was negligible in the 
overall cycle of iodine. However, the well developed early 
diagenesis of iodine in marine sediments shows that iodine is 
released from organic detritus (e.g. Price and Calvert, 1969; 
Malcolm and Price, 1984; Kennedy and Elderfield, 1987; 
Francois, 1987). In addition, Ullman et al. (1990) found a 
substantial amount (110-140 nM) of DOI above the 
brine/seawater interface at Bannock Basin of the Mediterranean 
Sea. A bacterially mediated remineralization of iodine- 
containing organic compounds seems responsible for the 
existence of DOI. Accordingly, biogenic particles could also 
be a possible source of DOI for marine waters.
The main processes controlling the origination of organo- 
iodine appear to have been understood in a qualitative 
fashion. A detailed quantitative understanding of the sources, 
which are directly or indirectly involved in biological 
processes, are still limited. A further study on the 
quantitative importance of mentioned processes for the 
origination of DOI is required.
Some Aspects on the Chemical Chajracteriza.tion and Fate of DOI
Iodine can form weakly bound compounds with many organic 
molecules (Mulliken, 1950). For the known naturally occurring 
organic compounds, organic iodine compounds have a weak 
bounding energy. Though the chemical characteristics of marine 
DOI are still unclear, there are some aspects that give a
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
18
general understanding of DOI in marine waters.
a. Stability and possible chemical forms: Based on the
information of stability of iodide and iodate concentrations 
in stored seawater samples, Truesdale (1975) suggested that 
DOI in seawater may keep stable at least for a few days after 
being collected. However, quantitative information about the 
stability of DOI is unknown. With regard to the chemical forms 
of DOI, Luther and co-workers (1991) proposed that DOI should 
be in the peptide and humic fractions with high molecular 
weight and hydrophilic since they found the samples containing 
high concentrations of DOI were primarily from the surface 
water with high primary productivity. Obviously, more 
evidences are needed to confirm their hypothesis, because 
marine organisms also produce low molecular-weight organic 
compounds such as carbohydrates, amino sugar, and lipids. On 
the other hand, Reifenhauser and Heumann (1990) found two 
organic iodine compounds in fresh waters. One was in anion 
form and another one was unelutable from anion exchanger 
resin. They suggested that the unelutable organic iodine 
compound was associated with high molecular humic substances. 
It seems that, although the above information gives some 
hints, the direct evidences concerning the general chemical 
characteristics, the stability in oxic seawater and 
distribution in major organic compounds of DOI in marine 
environment are still required.
b. Chemical reactivity and chemical decoimposition: Luther and 
co-workers (1991) found substantial concentrations of DOI in
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the Chesapeake Bay water. However, they also found that in 
anoxic and sulphide rich waters of the bay, DOI did not exist. 
They, therefore, suggested that organic iodine compounds could 
be converted to organic sulphur compounds via nucleophilic 
displacement of iodide by sulphide. As it has been known that 
marine DOI is mainly distributed in estuarine and coastal 
waters, which are sites where considerable amounts of sulfide 
can be found. If Luther's hypothesis is true, the ramification 
that sulfide has the potential as a sink of DOI is apparent.
Another aspect concerning the possible chemical 
decomposition of DOI in seawater may be the oxidation of DOI 
by H0_ H;0:, in marine surface layer, is generated by
photochemical processes mediated by DOC (Moffett and Zika, 
1983) . Since its relatively high concentration (in sub 
micromolar level) and short turnover time in the ocean, as well 
as strong oxidizing/reducing properties (H_0_/H_0, E =1.78 v,- 
0_/H_0, E=1.23 v) , numerous species of chemical elements which 
are in the reducing state may be oxidized by H:0:. It has been 
reported that trace metals such as Fe~' (Millero and Sotolongo, 
1989) and Cr" (Pettine and Millero, 1990) can be oxidized by 
H^O: in surface oceans. In addition, H_0: may react directly 
with a number of organic compounds (Sikorski and Zika, 1993) . 
Recently, Zhang (1993) suggests that H_0: may oxidize iodide to 
iodate. However, to date, no direct study on the chemical 
reaction of H_0_ with DOI has been reported. Whether the H_0: 
can exert an effect on the reduced iodine form which is 
associated with organic compound and result in the chemical
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decomposition of DOI still remains unclear.
C. Photochemical characteristic and photolysis: Mechanisms
proposed so far cannot explain the marked deviation of the 
occurrence of iodine species from thermodynamical prediction. 
Thus, additional mechanisms including photochemical reduction 
of iodate to iodide have been proposed (Elderfield and 
Truesdale, 1980,- Jickells et al., 1988) . An interesting 
experiment was conducted recently on the photochemical 
conversion of iodine by Spokes and Liss (1995) . The purpose of 
this experiment was to test the reactions proposed by Jickells 
et al.(1988) :
I O  3 +  O  — •* —* I Q 2 + O^/ I O 2 ” " I  +
and determine whether oxidised iodine species undergo 
photosensitised reaction through the mediation of organic 
matter as well. Although they did find an increase in iodide 
concentration during solar irradiation both in natural 
seawater and artificial seawater with organic material added, 
they did not find the decrease in iodate concentration 
corresponding to photochemically induced increase in iodide. 
In order to remove the biological factor but maintain the 
natural organic matter, they either filter sterilized the 
seawater through 0.2 (im membrane filters or autoclaved prior 
to use. The result was comparable to those observed in 
seawater alone. Besides, a control experiment was also 
conducted for the same seawater sample put in the dark. 
Results showed an average decrease of 5 nM iodide 
concentration over six hours instead of an increase of 30 nM
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of iodide concentration in the light (Pig.1.2). As a result, 
they concluded that the lack of relationship between iodide 
and iodate could be attributed to the differing sensitivities 
in analytical methods of the two species. However, as 
mentioned, iodine can exist not only in the form of iodate and 
iodide but also DOI. An alternative explanation for their 
experimental result, thus, could be the photochemical effect 
that causes the dissociation of DOI to iodide instead of the 
reduction of iodate.
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Fig. 1.2. Photochemically induced increase o f  iodide concentration 
(From Spokes and Liss, 1995)
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CHAPTER II
DETERMINATION AND ANALYTICAL IMPLICATION OF 
MARINE ORGANIC IOD IN E 
INTRODUCTION
Documented concentrations of DOI in marine water have been
mainly determined by the following methods: (1) total
inorganic iodine is determined by As-Ce catalytic 
spectrophotometry and DOI is defined as the difference before 
and after UV-irradiation of the sample (Truesdale, 1975),- (2)
sample is oxidized by chlorine water before determination and 
determined as iodate, and DOI is defined as the difference 
before and after UV-irradiation (Butler and Smith, 1979) ,* and 
(3) total iodine is determined after the sample is oxidized by 
NaCIO, and DOI is defined as the difference between the total 
and the sum of iodate and iodide, which are directly 
determined (Luther et al. , 1991; Tian et al., 1995) . In all of 
the previous studies, DOI has been determined as the 
concentration difference between total I and total inorganic 
I, Til. (TII is presumably the sum of the concentrations of 
I03" and I") . Total I was determined as ior or I" after DOI had 
been converted to the appropriate form of inorganic I. This 
analytical approach for the determination of DOI is 
quantitatively valid only when the total I measured represents 
quantitatively the sum of all the forms of inorganic and
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organic I and TII represents only the sum of IOf and I".
Until recently, TII has been determined as 10.' or I" after 
all inorganic I had been converted to the appropriate form. An 
examination of the analytical schemes used in the previous 
studies indicates that the validity of the above two 
assumptions has not been tested rigorously and it is likely 
that either one or both of these two assumptions may have been 
violated in all of the studies so that concentrations of DOI 
might have been underestimated. In fact, in a number of cases, 
while the investigators (Truesdale and Spencer, 1974; 
Truesdale, 1975; Smith and Butler, 1979; Butler and Smith, 
1980; Luther and Cole, 1988; Jickells et al., 1988; Tian and 
Nicolas, 1995) acknowledged this possibility, they proceeded 
on with their studies without assessing the possible 
significance of this source of error. In recent years direct 
and species specific methods for the determination of 10.' and 
I" have become available and widely used (Herring and Liss, 
1974; Luther et al., 1988) so that TII may be estimated as the 
sum of the independent determination of I0;~ and I'. I have 
evaluated several possible methods and chosen to further 
develop one method for measuring total I. By combining those 
analytical methods, the concentration of DOI in sea water may 
be determined with greater confidence.
EXPERIMENTAL
Determination of Iodate
Iodate was determined directly by differential pulse
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polarography (DPP) according to the method of Herring and Liss
(1974) as modified by Wong and Zhang (1992b) using a EG&G PAR 
Model 384B-4 Polarographic Analyzer System with a PAR Model 
303A Static Mercury Drop Electrode. At concentration above 100 
nM, the precision of the method was about ±1% or ±0.005 /uM.
Determination of Iodide
Iodide was determined directly by cathodic stripping 
square wave voltammetry (CSSWV) by the method of Luther et al.
(1988) as modified by Wong and Zhang (1992b) . The same 
polarographic analyzer system for the determination of 10 ' was 
used for I' analysis with the precision of the method about 
±3% or ±0.004 /uM.
Determination of Total Iodine
Twenty ml of a sample and 1 drop ( = 30 ,ul) of 30% (v/v) H O. 
are transferred to a 25 ml quartz test tube. The tube is 
sealed with a silicone stopper and then irradiated with UV 
light for 3 hours using a 700 W Hg vapor lamp in a 
photochemical platform reactor (Ace Glassware) . Twelve samples 
can be irradiated simultaneously. In order to minimize heating 
and evaporation of the samples during the irradiation, the UV 
lamp is separated from the samples inside a double walled 
water-cooled circulating quartz well. In addition, air is 
circulated around the samples and the quartz well with a 
circulating fan. With this setup, the temperature of the 
samples is kept below 50 °C at all times during the
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irradiation.
After irradiation, samples are allowed to cool to room 
temperature and total I in the sample is determined either as 
iodate or iodide. In the former case, the method of Takayanagi 
and Wong (1986) is used in which 5 ml of the sample and 50 /ul 
of NaCIO (0.4 to 0.6% w/v) is transferred to a polarographic 
cell. The mixture is allowed to stand at room temperature for 
30 min to insure that all the iodine in the sample is 
converted to iodate. Then, 100 /j.1 of 1 M Na S0:. is added to the 
sample to destroy any excess oxidizing agent for iodate 
analysis by DPP (Herring and Liss, 1974; Wong and Zhang, 
1992b).
Alternatively, total I might be determined as iodide 
according to the method of Wong and Zhang (1992c) . Briefly, 1 
ml of the sample and 9 ml of distilled de-ionized water are 
transferred to a polarographic cell. Then, 100 /ul of 1 M 
Na^SO, and 1 ml of 2 N H S04 are added to the sample and the 
sample is stirred for 30 to 40 seconds to allow the iodine to 
be converted to iodide. Then 1 ml of 1:4 (v/v) NH4OH is added 
to the mixture and stirred for 10 seconds in order for the pH 
of the mixture to be adjusted to about 8 - 9 .  The sample is 
then analyzed for iodide by CSSWV (Luther et al., 1988; Wong 
and Zhang, 1992b).
RESULTS AND DISCUSSION
Optimization of the UV System
The UV-irradiation system was optimized by monitoring the
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change of DOC in natural sea water under irradiation and the 
determination of several iodinated standard organic compounds 
after UV irradiation. The sea water sample used was collected 
at the Great Machipongo Inlet of the Hog Island Bay, a lagoon 
in the Virginia portion of the Delmarva Peninsula (salinity = 
32.0) . DOC was determined by the method of Menzel and Vaccaro 
(1964) in which DOC was converted to CO by wet digestion with 
persulfate and the C0_ formed was detected with an infrared 
analyzer. The initial concentration of DOC in the sample was 
4.0 mg-C/L. The concentration of DOC decreased with 
irradiation time in the first two hours of irradiation to an 
almost constant residual level at which about 90% of the DOC 
had been destroyed (Fig.2.1). DOC concentration remained 
fairly constant with longer irradiation time. Thus, the 
oxidation of DOC may be considered complete at an irradiation 
time of 3 or more hours. By using a similar setup Mann and 
Wong (1993) obtained comparable results.
Some investigators (Herring and Liss, 1974; Butler and 
Smith, 1980) have suggested that since DOC is also oxidized 
during the UV irradiation of seawater and if the concentration 
of DOC is sufficiently high, oxygen may become exhausted as an 
oxidant and iodate may then be used as an oxygen source. If 
this occurs, the iodate formed in the oxidation of iodide and 
DOI may be reconverted into iodide. They suggested that H_0; 
can be added to the sample prior to irradiation to ensure that 
an ample supply of oxidant is present so that the reduction of 
iodate will not occur. This possibility has been further
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tested. After the addition of one drop (about 30 /ul) of 30% 
(w/v) H;0: to 20 ml of a solution, with a known concentration 
of iodide in artificial seawater (Lyman and Fleming, 1940), 
iodide was quantitatively converted to iodate within 0.5 hour 
of irradiation. The concentration of iodate was 
indistinguishable from the initial concentration of iodide. 
There was no further reduction of iodate to iodide. On the 
other hand, when samples of marine water were irradiated, 
divergent behaviors were observed. In a sample with a 
moderately high concentration of DOI, about 0.0 9 /̂ M (salinity 
=21.8) , iodate became the only detectable form of I after one 
hour of irradiation and iodide re-appeared after four hours of 
irradiation. Since the sum of the concentrations of iodate and 
iodide remained constant, this indicates that the reduction of 
iodate to iodide may occur upon prolonged irradiation of 
natural waters. However, in another sample containing 0.06 mM 
of DOI (salinity = 31.3), a constant concentration of iodate 
was reached after 1 hour of irradiation and iodide did not 
reappear. Since the concentration of DOC in marine waters, 
especially coastal seawater, may be quite variable, it is 
difficult to ascertain a priori whether and when iodate will
be reduced to iodide during the irradiation. Thus, in the 
determination of total I, it is necessary to add H 0_ to the 
sample prior to the irradiation to enhance the mineralization 
of organic I and to convert all the inorganic I in the sample 
to the appropriate form after the irradiation and prior to its 
final detection. The addition of NaCIO to the sample after the
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irradiation ensures that any iodide formed will be converted 
to iodate prior to its determination by DPP. Alternatively, 
all inorganic I can be reduced by sulfite under acidic 
conditions to iodide and then determined as iodide by CSSWV.
Three specific iodinated organic compounds (p- 
iodoaniline, 3-iodo-1-tyrosine and L-thyroxine) dissolved in 
artificial water (Lyman and Fleming,1940) were irradiated for 
various amounts of time and then analyzed for inorganic I 
formed as iodate. All three compounds were quantitatively 
recovered at no more than 3 hours of irradiation (Table 2.1) . 
These results are similar to those reported by Truesdale
(1975) for tyrosine and several other organic iodinated 
compounds.
Determination of Total Iodine for the Estimation of DOI
Changes in the concentration of total I in five samples of 
seawater, measured as iodate (the salinity ranging from 22 to 
32 and concentrations of total I and DOI from 0.249 to 0.459 
and 0.05 to 0.18 /J.M, respectively) were followed with
irradiation time. One of them was the same sample used above 
and had an initial TII concentration of 0.314 (Fig.2.1) .
The concentration increased to 0.444 /iM after the first hour 
of irradiation, the shortest irradiation time used in this 
experiment, and it did not increase significantly at longer 
irradiation time. Thus, the re-mineralization of DOI was 
completed before the oxidation of DOC to C0: was completed. 
This is consistent with the fact that the C-I and N-I bonds,
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Tattle 2.1. Recovery of known iodinated organic compounds as 
inorganic iodine upon UV irradiation or oxidation with NaCIO
Compounds Added Cone. Found [TI-J / [TI-J / [TI-J /
[TIJ [TI,-.] [TIJ [TIJ [TIJ [TI-J
IUM /UM yUM oo oo oo
p-iodoaniline 0 .300 0 .302 0 .272 101 91 90
3 -iodo-1-
Tyrosine 0 .416 0 .415 0 .384 100 92 93
L-thyroxine 0 . 500 0 .482 0 .230 96 46 48
* TI: : Total iodine added.
TI-: : Total iodine determined by NaCIO oxidation method.
TT-v: Total iodine determined by proposed method.
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the likely bonding of I in DOI (Harvey, 1980) with bond 
energies of 209 and 159 KJ/mole, are weaker than the C-C bond, 
which has a bond energy of 607 KJ/mole (Lide, 1995) and thus 
the C-I and/or N-I bonds may require a shorter irradiation 
time for them to be broken. Similar results were obtained in 
the other four samples. An irradiation time of 3 hours is 
chosen in the proposed analytical scheme to insure that all 
the DOI in the sample is analyzed. In one of the samples 
(Fig.2.2), total I was measured both as iodate by DPP (TI.,.) 
method of Takayanagi and Wong (1986) and as iodide by CSSWV by 
the method (TI,) of Wong and Zhang (1992c) . Both methods 
yielded similar results within their combined analytical 
uncertainties. Since the determination of iodide by CSSWV has 
a narrower dynamic range, only up to about 75 nM, and lower 
detection limit with a slightly poorer precision, it is more 
appropriate for samples with low concentrations of total I. In 
most seawater samples, however, the concentration of total I 
is higher than 0.3 /uM. and the determination of total I as 
iodate by DPP is more convenient.
The concentrations of total I in the sample (Fig.2.2) were 
also measured directly by inductively coupled plasma-mass 
spectrometry (ICP-MS) . Since a sample is heated to several 
thousand °C in the plasma prior to detection in ICP-MS, total 
I measured by this method should include all inorganic I as 
well as DOI. Indeed, the concentrations of total I in the 
samples measured by ICP-MS were independent of irradiation 
time, indicating that they represented the true concentrations
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of total I in the samples. These concentrations were 
indistinguishable from those obtained by the proposed method 
within their combined analytical uncertainties. This affirms 
that UV irradiation converts DOI quantitatively to inorganic 
I which may then be quantified by DPP or CSSWV.
The concentration of total I in 10 samples of marine water 
were determined in duplicates as iodate with DPP by the 
proposed method. The concentration of total I and salinity in 
these samples ranged from 0.294 to 0.503 /iM and 18.1 to 36.2, 
respectively (Table 2.2) . The average deviation from the mean 
was ±0.005 juM and the composite standard deviation (Youdan, 
1964) was ±0.008 a*M. Duplicate determinations of iodide in 12 
samples of marine water, with concentrations ranging from 
0.062 to 0.315 /iM, indicate that the average deviation from 
the mean was ±0.003 fuM, and the composite standard deviation 
was ±0.005 /iM (Table 2.2) . For the determination of iodate, 
the average deviation from the mean was ±0.004 /iM in 10 
samples of water with concentrations ranging from 0.049 to 
0.438 /iM (Table 2.2). The corresponding composite standard 
deviation was ±0.006 fj.M. Since the concentration of DOI is 
calculated as total I-[10-.'] -[I'], the standard deviation in
this estimation is about ±0.019 /uM.
Analytical Implications
Until recently, the concentrations of iodate and iodide 
have been determined mostly by measuring total I, which is 
assumed to be identical to TII, and either iodate or iodide
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Table 2.2. Precision in the determination of total I, I
and IO/ (a/M)
samples SA. Cone, of I species Avg.
A. Total I
Coastal Surface Water 
Lynnhaven Inlet 
Lynnhaven Inlet 
Hog Island Bay 
Hog Island Bay 
Open Ocean Water 
North Atlantic 
78°08'W, 3 3 ° 0 0'N ; 22m 
74°11'W, 3 7 °111N ; 1500 
74°00'W, 3 3 ° 0 0'N ; 0m 
74°111W, 37°111N; 0m 
77°54 1W, 31 ° 4 2 1 N ; 150tr 
76°42'W, 34°11'N; 16m
B . Iodide
Coastal Surface Water 







18 .1 0 .420 0 .425
21.8 0 .291 0 .296
32 .1 0 .372 0 .371
32 .3 0 .342 0 .337
36.2 0 .376 0 .354
35 .0 0 .420 0 .415
36.6 0 .431 0 .435
35.6 0 .451 0 .465
36 .1 0 .457 0 .444
36.0 0 .493 0 .512
31.6 0.091 0 .091
31.0 0.117 0 .112
31.2 0 .123 0 .119
20 .7 0 .139 0 .128
18 .1 0 .151 0 .163
29 .3 0 .286 0 .289
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74°28'W, 3 7 ° 2 2 1 N ; 38m 35 .5 0.064 0 .060 0.062
Philippine sea
120°55'W, 21°54'N;14m 34 .2 0 .109 0.109 0 .109
East China Sea
123°10'E, 25°001N;10m 34 .7 0 .133 0.130 0 .132
123°101E, 25°00'N;80m 34 . 8 0 .100 0 .102 0.101
123°101E, 25°00'N;100m 34.9 0 .100 0 .110 0 .105
C. Iodate
Coastal Surface Water
Lynnhaven Inlet 20 .7 0 .051 0.046 0 .049
Lynnhaven Inlet 18 .1 0.058 0 .066 0 .062
Mogathy Bay 29 .3 0.058 0.065 0.062
Marchipongo Inlet 30 .1 0 .111 0 .107 0.109
Open Ocean Water
North Atlantic
74°28'W, 3 7 ° 2 2 1 N ; 15m 34 .3 0.305 0 .296 0 .301
64°181W, 31°431 N; 80m 36.6 0.364 0 .378 0 .371
64°18'W, 31°43'N; 1003m 35 .1 0.439 0 .436 0 .438
64°18’W, 31°43' N; 1407m 35.0 0.426 0.436 0.431
East China Sea
123°10'E, 25°00 1 N; 40m 34.7 0.232 0.239 0.236
123°101E, 25°001 N; 80m 34.8 0 .282 0 .290 0.286
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directly (Wong, 1991). The concentration of species that had 
not been measured directly was estimated by difference. The 
concentration of 1 total I' has been measured by oxidizing 
iodide to iodate with NaCIO, [TI- ] , (Butler and Smith, 1980; 
Takayanagi and Wong, 1986) or UV-irradiation, [TI.,] , (Herring 
and Liss, 1974) or by reducing iodate to iodide with As", 
[TI-.,] , (Truesdale and Spencer, 1974; Truesdale and Chapman, 
1976), or SO. ', [TI,] , (Wong and Zhang, 1992c) and then
determine the resulting inorganic I present as iodate or 
iodide. In other studies, [TI;v] or [TI-] has been considered 
as the sum of Til and DOI so that the concentration of DOI was 
estimated as [TI..,.] - [TI-J (Truesdale, 1975) , [TI-.] - [IO,~] -
[I*] (Luther and Campbell, 1991; Luther et al., 1991; Tian and 
Nicolas, 1995) or [TI..,.] - [TI::] (Smith et al. , 1990) . The
presence of DOI may affect the determination of the iodine 
species by these analytical schemes in several ways. First, if 
during the determination of iodate, iodide or TII, DOI is 
converted into the species measured, it would cause an 
overestimation of that particular species. Secondly, if total 
I is determined by converting, presumably, all dissolved 
species of I, including DOI, to iodate or iodide and detected 
as a particular species of inorganic I, any incomplete 
conversion of DOI to inorganic I will lead to an 
underestimation of total I. Thirdly, when iodate, iodide or 
DOI is measured as the difference in concentrations in some 
combinations of total I, TII, iodate and iodide, the 
previously mentioned imprecisions can affect all these
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measurements and result in over estimations or under 
estimations. For example, the concentration of iodide, 
calculated as [TI;v] - [I0;.~] (Liss et al., 1973; Herring and
Liss, 1974,- Jickells et al., 1988), could have been over 
estimated since this concentration difference actually 
represented [I-] +• DOI. As it will be presented in the
following chapters, DOI is ubiquitous in surface waters, and 
especially coastal surface waters. The under estimation or 
over estimation will be significant and variable. As a 
consequence, a misunderstanding of iodine marine 
biogeochemistry might be inevitable based on the 
interpretation of the data.
TIc: has been considered alternatively as TII or total I 
by different investigators in different studies. While it has 
been clearly demonstrated that NaCIO can oxidize iodide to 
iodate quantitatively (Takayanagi and Wong, 1986) , it is 
unclear how much of the DOI may be mineralized in this 
analytical scheme. NaCIO definitely cannot mineralize DOC 
quantitatively. With our UV irradiation setup, the 
concentration of DOC in a coastal water sample decreased from 
2.9 mg-C/1 before irradiation to <0.4 mg-C/1 after 
irradiation, a decrease of about 90%. In contrast, the 
concentration of DOC in the same sample of water after the 
addition of NaCIO remained at 2.8 mg-C/1. Thus, less than 5% 
of the DOC in the water sample was mineralized by the addition 
of NaCIO. Given that the C-I and N-I bonds are weaker than the 
C-C bond, NaCIO may be able to mineralize DOI. However, a
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quantitative mineralization of DOI cannot be assumed by this 
treatment. In fact, Luther and Cole (1988) reported that 100% 
of the I in iodoacetic acid but only 50% of the I in thyroxine 
could be recovered as inorganic I by the addition of NaCIO. We 
were able to recover 91, 92 and 46% of the added I in p-
iodoaniline, 3-iodo-1-tyrosine and L-thyroxine dissolved in 
artificial seawater as inorganic I by treating the sample with 
NaCIO. Quantitative recovery was obtained upon UV irradiation 
of the samples (Table 2.1) . Thus, the recoveries of I in these 
iodinated organic compounds as inorganic I by oxidation with 
NaCIO were not only non-quantitative but also compound- 
dependent. It is also plausible that the recovery may vary 
with the concentration of the added NaCIO and the time of 
reaction. A suite of 15 samples of coastal seawater had been 
analyzed for TI-., TI-, iodate and iodide, according to the 
conditions proposed here (Table 2.3). [TI ] was invariably 
less than [TI.,-J and comparable to, or higher than, the 
concentration of TII. The average ratios of [TI :] / [TI.,.] and 
[TIr.]/TII were 0.83, 1.19 and 1.45 respectively. Thus, while 
a significant fraction of DOI could be converted to inorganic 
I with NaCIO, it was by no means quantitative. Furthermore, 
the efficiency varied significantly from sample to sample as 
[TI,-: / [TI..,.] ranged from 0.66 to 0.99. When iodide was 
estimated as [TIc: - IO:."] (Herring and Liss, 1974; Butler and 
Smith, 1980; Luther and Cole, 1988; Smith et al., 1990,- 
Takayanagi and Cossa, 1985; Wong et al., 1985; Wong and Zhang, 
1992a) or IO:.' was estimated as [TI,-: - I'] (Campos, 1996a,
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1996b), either iodide or iodate would have been over 
estimated. When DOI was estimated as [TI . - 10."- I'] (Luther 
and Campbell, 1991; Luther et al., 1991; Tian and Nicolas, 
1995) or as [TI.;V] - [TI.-J (Smith et al. , 1990), it would have 
been under estimated. The over estimation or under estimation 
depends on the concentration and the chemical nature of DOI 
present in the sample and the exact experimental conditions 
used in the determination of [TI-J .
TII has also been analyzed by reducing iodate to iodide 
with As'" under acidic conditions and then determined as iodide 
by the As"-Ce4" catalytic method (Barkley and Thompson, I960; 
Truesdale and Spencer, 1974; Truesdale and Smith, 1975; 
Truesdale and Chapman, 1976) . Truesdale and Spencer indicated 
the possibility that DOI may be mineralized under these 
experimental conditions and be included as inorganic I. 
However, the analytical implication of this possibility was 
not discussed. This possibility was examined in 3 samples of 
coastal seawater by allowing the samples to stand for 30 min 
at 30°C in the presence of 0.04 M As" at a pH of 0.7 (Barkley 
and Thompson, 1960) . The pH of the samples were then 
readjusted to 8 and iodide was determined by CSSWV. In all 
three cases [TIA_J were significantly higher than TII and 
slightly lower than [TIIV] (Table 2.3). The average ratios of 
[TI-_J /TII and [TIA_,] / [TI...J were 1.29 and 0.91 respectively. 
Thus, under acidic conditions, As" can convert a large yet 
non-quantitative fraction of DOI into iodide. Again, the 
magnitude of this possible source of error will depend on the
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
41
Table 2.3. Results from different methods for the 
determination of total iodine in surface coastal waters (nM)
Sal. I* 10 r TII [TI:.-,-] DOI [TI,:J [TI,] [TI—] [TI:-;]
Hog Island Bay - 2/2/95 - 76°48.60 'W, 37°28 .92 'N
29.90 182 186 366 454 90 337 --- --- ---
Hog Island Bay - 2/2/95 - 76°45.30 'W, 37°24 .65 'N
31.82 260 224 484 562 80 492 --- --- ---
Hog Island Bay - 2/2/95 - 76°43.70 'W, 37°21.70 ’N
30.66 261 228 489 540 50 459 --- --- ---
Hog Island Bay - 4/5/95 - 75°48.55 'W, 37°27.70 ’N
32.07 87 121 208 372 160 290 --- --- ---
Hog Island Bay - 4/5/95 - 76°47.70 'W, 37°29 .80 ’N
32.05 87 52 139 214 80 152 --- --- ---
Hog Island Bay - 4/5/95 - 76°48.60 'W, 37°28 .92 ’N
31.17 94 50 144 205 60 167 --- --- ---
Hog Island Bay - 4/5/95 - 76°48.91 'W, 37°29 .45 'N
31.58 91 32 123 193 70 128 --- --- ---
Hog Island bay - 4/5/95 - 76°48.48 ’W, 37°27.90 'N
32.25 92 58 150 216 70 153 --- --- ---
Hog Island Bay - 4/5/95 - 74°48.55 'W, 37°27 . 70 'N
32.07 94 61 155 203 50 172 --- --- ---
Hog Island Bay -10/13/95 -76°44.80 'W, 37°22 .23 'N
32.31 213 76 289 392 100 387 --- 370 ---
Hog Island Bay -10/13/95 -76°48.48 'W, 37°27.901'N
32.33 167 93 260 377 120 354 --- 327 ---
Hog Island Bay - 11/28/95 - 76°48.201W, 37°29.011N
31.32 133 43 176 257 80 226 --- 235 —
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Sal. I" 10,' TII [TI ;] DOI [TI.-J [TI.] [TI,.:] [TI;-:]
Hog Island Bay - 4/5/95 - 76°47.50'W, 37°30.03 'N
31.94 62 33 95 176 80 157 150 -- ---
Lynnhaven :Inlet -10/28/95 - 76°05.70'W, 36°54.501N
NA* 203 50 253 305 50 283 263 -- 295
Hog Island Bay - 11/28/95 - 76°47.30'W, 37°29.85 'N
31.10 112 27 139 249 110 201 154 -- 260
TII - Total inorganic iodine = [I'] + [I0?'] .
[TI-] - Total iodate determined after UV irradiation.
DOI - Dissolved organic iodine = [TI-.] - TII.
[TI-] - Total iodate determined after NaCIO oxidation.
[TI:] - Total iodide determined after NaSO. addition at pH 1 
to 2.
[TI;,] - Total iodide determined after As" addition at pH 0.7. 
NA* No data. Historically, S = 21 at this location.
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concentration and chemical nature of DOI and the exact 
experimental conditions. In a number of studies (Truesdale, 
1978; Elderfield and Truesdale, 1980; Chapman, 1983; Upstill- 
Goddard and Elderfield, 1988; Ulman et al., 1988), iodate was 
determined independently and iodide was estimated as the 
concentration difference between [TIAs] and 10.'. In all these 
studies, a fraction of DOI might have been included as iodide 
so that the concentration of iodide would have been 
overestimated by an unspecified amount.
Truesdale (1975) determined DOI as the concentration 
difference of [TIA_J before and after UV irradiation. Since UV 
irradiation can mineralize DOI to inorganic I quantitatively, 
it is likely that [TI^] after UV irradiation represents true 
total I . However, since [TIAJ , without UV irradiation, can 
include a large fraction of DOI, this method would have 
grossly underestimated DOI. Thus, while this study indicated 
the presence of DOI, the DOI concentrations found remain to be 
verified.
Reifenhause and Heumann (19 91) reported that SO-."’ can 
convert at least some of the organic iodinated compounds in 
river water to iodide. Francois (1987) and Luther et al. , 
(1991) suggested that other reduced sulfur species such as 
sulfide and thiosulfate may also break the C-I bond in DOI and 
release iodide. Sulfite has been used for the removal of 
oxygen in seawater samples, at their natural pH for the direct 
determination of iodate and iodide by electrochemical methods 
(Wong and Zhang, 1992b) . If SO-.~~ can cause the conversion of
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DOI to iodide, its presence may affect the results of these 
determinations. The possible effect of S0:.~" on the 
decomposition of iodate and iodide was tested by following the 
concentrations of iodate and iodide within a time period in 
two samples of seawater in the presence of SOr" (Table 2.4) . 
In a sample of deep seawater, where iodide and DOI were 
absent, there was no detectable change in the concentration of 
iodate after a reaction time of up to 60 min indicating that 
SO:.’" does not reduce iodate to iodide at the natural pH of 
seawater. Thus, the presence of SOy" seems not affect the 
determination of iodate. In the samples of coastal water, 
where iodide and DOI were also present, there was again no 
detectable change in the concentration of iodate. However, the 
concentration of iodide increased slightly with time. The 
increase, 0.019 in 60 minutes, was somewhat analytically 
significant, indicating that SOy" may be able to break the C-I 
bond and release iodide from DOI at a slow rate at the natural 
pH of seawater. However, this potential source of error in the 
determination of iodide is negligible if iodide is analyzed as 
soon as possible once SOy" has been added to the sample for 
the removal of oxygen. The concentrations of iodide in two 
samples of coastal seawater containing 0.05 and 0.11 mM of DOI 
respectively were analyzed with and without the addition of 
S03~". Oxygen was removed by bubbling argon alone when SOy" was 
not added to the sample. In both samples, the presence of 
SOy" did not lead to any detectable change in the 
concentration of iodide (Table 2.4).
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Sulfite is a stronger reducing agent under acidic 
conditions. In other schemes for the determination of total 
I, [TI.-] , S0:. " is used to reduce iodate to iodide at pH 1 to 2 
and the resulting iodide present is determined by CSSWV after 
the pH of the sample has been adjusted back to 8 to 9 (Wong 
and Zhang, 1992c) . Under these conditions, SO-.'" can convert 
DOI to iodide more readily. [TI.-] , [TI.V] , iodate and iodide 
were determined in 3 samples of coastal water. The average 
ratios of [TIf] / [TI..] and [TI.-]/TII were 0.78 and 1.24 (Table 
2.3). These results again indicate that SO." can cause the 
partial conversion of DOI to iodide under acidic conditions so 
that, when DOI is present, [TI£] is an overestimation of TII 
and an underestimation of total I.
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Table 2.4. The effect of sulfite on the determination of
iodine species in seawater










^M fJ. M tnM Min. fj. M mM Min. ^M
Deep Water 
North Atlantic: 74°00'W, 33°00 1'N, 4120 m
36.42<0.01 0.389 8 10 <5 UD 20 <5 0 .389
0 .382 8 10 30 UD 20 30 0 .382
0 .387 8 10 60 UD 20 60 0 .377
Coastal Water
Hog Island Bay 
31.32 0.08 0.163 8 0 0.112 0 0 .051
0 .163 8 10 <5 0 .112 20 <5 0 .051
0 .186 8 10 30 0 .128 20 30 0 . 058
0 .187 8 10 60 0 .131 20 60 0 .056
8 — 90 — 20 90 0 .053
Hog Island Bay 
31.10 0.11 ND 8 0 0.110 0 ND
0 .139 8 10 <5 0.112 20 <5 0 . 027
Lynnhaven Inlet 
ND* 0.05 ND 8 0 0.200 0 - - ND
0 .259 8 10 <5 0 .209 20 <5 0 .050
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UD - Undetected, <10 nM.
ND - No data
ND* - No data. Historically S = 21 at this location.
CONCLUSIONS
The concentration of DOI in seawater may be estimated as 
the difference between the concentrations of total I, which is 
determined as iodate after UV irradiation of the sample, and 
the sum of iodate and iodide, which are determined 
independently. The precision for the determination of DOI is 
±0.019 ,uM.
DOI can be partially oxidized to 10.' by NaCIO or 
converted to I' by As" under acidic condition. Previous 
analytical schemes which involved these treatments of the 
samples may have underestimated the concentration of DOI in 
seawater. In addition, the analytical schemes which estimated 
I" or 10." concentrations by the difference between "total I" 
and ior or I' may have overestimated the concentrations of I' 
and 10;.' in seawater.
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CHAPTER III
THE EFFECT OF SAMPLE PREANALYSIS HANDLING ON THE 
DETERMINATION OF IODINE SPECIES 
INTRODUCTION
While studying marine chemistry, a critically important 
consideration is sample pretreatment and preservation, since, 
in most cases, samples are preserved and stored for subsequent 
processing at land-based laboratories. Methods generally 
employed are designed to eliminate changes from biological or 
physico-chemical reactions. Thus, how a sample is contained 
and preserved can be as important as chemical analysis itself.
Iodine is both a redox sensitive and biophilic minor 
element, and exists in the forms of iodate, iodide and DOI 
(Wong, 1991). Therefore, sample storage and treatment may be 
critical in order to control the quality of chemical analysis. 
There have been some tests on the methods of preservation 
(Wong, 1973; Truesdale and Spencer, 1974; Smith and Butler, 
1979); however, the above tests did not consider the existence 
of DOI. Because most of the authors obtained their iodide 
concentration by the difference between the total iodine and 
iodate, a question can be speculated whether there was an 
inter conversion between iodide and DOI during their 
preservation, which might affect the accuracy of the 
determination of iodide.
Based on early research, this study tests the effects of
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pretreatment and the preservation of water samples on the 
determination of iodine species including DOI by using species 
specific method for the determination. Results presented here 
hopefully provide a common ground for sample handling and 
arrive at comparable results.
MATERIALS AMD METHODS
Experiment on the Filtration Effect
On board R/V Cape Hetteras, the samples were collected 
with a Teflon tube connected to a ship pump (Cole Parman 
Master Plex, cat No 7553-20), from the Elizabeth River to the 
Chesapeake Bay mouth during a cruise from May 17 to 25, 1995. 
The samples collected were immediately divided into two parts, 
one being filtered using Whatman glass fiber filter (GF/P), 
which was pre-rinsed with the sample, and other one was 
unfiltered and the samples were kept in glass bottles and 
immediately frozen (-20°C) within three months prior to 
analysis.
Experiments on the Effect of Storage Time. Containers and 
Temperature
The samples were collected from the Lynnhaven Inlet,
7/11/1995, with a P.E. bucket. Samples were filtered with GF/F 
and stored in glass and polyethylene bottles (Nalge No 2114- 
0006, Fisher Scientific), respectively. The samples were 
frozen within two hours after collection. Another set of
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samples were stored in polyethylene bottles and stored in the 
dark and at room temperature (20-25°C).
RESULTS AND D ISCU SSIO N
The Effect of Filtration
Table 3.1 lists the results from the filtered and unfiltered 
samples. Location of sampling and other parameters are listed 
in Appendix A. Evaluating the effect of filtration, a paired 
t test can be employed. A paired t test is generally applied 
to the related observations resulting from non-independent 
samples. Related or paired observations can be obtained by 
measurement before and after receiving treatment. Pairs are 
formed by matching individuals on the characteristic, which is 
closely related to the measurement of interest.
As listed in table 3.1, the difference of iodine
concentrations before (IJ and after filtration (I.) 
constitutes a simple random sample and can be used as the 
variable of interest, d;. The test statistic for testing 
hypotheses about the population mean difference û  is:
t = (d - u.j;)/Sd
Where d is the sample mean difference, u,c is the hypothesized 
mean difference, Sd = Sd/n1/2, n is the number of sample
difference, and Sd is the standard deviation of the sample 
difference. If filtration has significant effect on the
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Table 3.1. The results from unfiltered and filtered samples
Stns I"(u) I'(f) d:_ IOf (u) IOf(f) dr - It (u) It (f) d--
D1 131 154 -23 43 49 -6 292 289 3
D2 115 107 8 39 35 4 275 251 24
D3 117 112 5 38 43 -5 236 245 -9
D4 128 124 4 43 41 2 248 247 1
D5 145 148 -3 43 37 6 254 256 -2
D6 132 125 7 41 40 1 257 259 -2
D7 149 146 3 52 55 -3 254 264 -10
D8 161 155 6 48 64 -16 274 260 14
DIO 180 173 7 75 79 -4 297 310 -13
Dll 154 13 7 17 85 97 -12 300 309 -9
a 3.4 -3.3 -0.3
Ss- 109 48 136
t 1.029 -1.506 -0.081
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determination of iodine species, dx = (I£ - 1̂ ) would tend to
be negative. Based on same reason, dx = (Iu - If ) would tend
to be positive. In addition, if the question had been such 
that a two-sided test was indicated, the hypotheses would have 
been:
Hr: ud = 0
Filtration has no significant effect on the determination of 
iodine species, and
Ha: ud * 0
Filtration has significant effect on the determination of 
iodine species. Regardless of the way, it is subtracted to 
obtain the differences. Let a = 0.05. The critical value of t 
is -1.8125. Reject Ho if computed t is less than or equal to
the critical value of t. By
d = (£dr) /n
S-.= (£(dr - d):) / (n-1)
results of t value calculation are listed in table 3.1. It 
shows that all of the t values calculated from the determined 
concentration of iodine species are larger than the critical 
value of -1.8125 or the absolute values of t are less than 
1.8125. Therefore hypothesis Ho is true and the filtration 
should be insignificant for the determination of iodine 
species in terms of analytical chemistry.
Result of this experiment supports the conclusion by
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Truesdale and Spencer (1974) that filtration of samples did 
not lead to the loss of, or contamination with, dissolved 
iodine species.
The Effect of Storacre Time and Containers
Concentrations of iodine species from storage experiment 
are listed in table 3.2. It shows that there is no observable 
tendency of variation in the samples stored in glass bottles 
up to three months. Early research reported that iodine 
concentrations showed no measurable changes in water samples 
stored in glass bottles at 4°C and frozen(-20°C) (Truesdale 
and Spencer, 1974; Smith and Butler, 1979). Therefore, results 
from this experiment support previous research and show the 
stability of iodine species stored in glass bottles and 
frozen. In the samples stored in plastic bottle, 
concentrations of iodide and total iodine determined in week 
one and week two appear higher than the averages of the rest 
samples. It is about 5% for iodide and 8% for total iodine. 
Because concentrations of iodide and total iodine are close to 
the initial values with further storage, the relatively high 
concentration of iodide and total iodine can not be from the 
system contamination of the plastic bottle. In addition, as 
listed in table 3.2, within the concentration ranges of the 
sample, precision can be 7.6% for the determination of iodide 
and 6.3% for total iodine. High values of iodide and total 
iodine from week one and week two can therefore probably be 
from the error of the determination.

















Table 3.2. Effect of containers on the determination of iodine species (//M), S =21.77
Time Iodide Iodate Total Iodine
(week) Plastic Glass (D%) Plastic Glass (D%) Plastic Glass (D%)
0 0.163±0 .011 0.044±0 .001 0 . 293±0.003
1 0.173 0.169 -2.3 0.049 0.044 i M O 3̂ 0.317 0.290 COCOi
2 0.170 0.171 0.5 0.052 0.049 -5.9 0.311 0.305 -1.9
3 0.158 0.158 0.0 0.061 0.056 -8.5 0.302 0.296 2.0
4 0.167 0.170 1.8 0.043 0.055 24 .4 0.295 0.296 0.3
6 0.161 0.161 0.0 0.042 0.045 6.9 0.287 0.288 0.3
8 0.167 0.155 -7.4 0.051 0.051 0.0 0.294 0.284 -3.4
12 0.165 0.162 -1.8 0 .045 0.048 6.4 0 .271 0.299 9.8
Avg. 0,, 166±0.005, 0.164±0.i006, 0 o »▻> 00 H- O KOoo o-HOinoo o o in 0.297±0.015 , 0.294±0.i007
in
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Calculation of the deviation from mean (D%) of the difference 
between the concentrations of iodide in the samples stored in glass 
and plastic containers shows no systematic difference. Highest 
value is -7.4%, which is within the determination uncertainty. D% 
of total iodine at week twelve was as high as 9.8, which was beyond 
the normal range of precision by about 3%. It may indicate the loss 
of total iodine in the sample stored in polyethlyene bottles. 
However, with further storage up to 26 months, the concentration of 
total iodine was determined at 0.297+0.003*/M (Appendix A) . Since 
the design of this storage experiment was only for three months, 
there was no extra samples for detailed testing after that time. 
However, it can at least show that the relative low concentration 
of total iodine at week twelve is not from the loss of iodine 
stored in the plastic bottle and frozen. The D% value of iodate 
varies from 0 to 24%. Because of the low level of iodate 
concentration (about 2 times of the detection limit), the 
analytical uncertainty for the determination can be as high as 50% 
(Appendix A) . Nevertheless, variation of iodate concentration is 
around the original concentration, and there is no observable 
tendency of change (Table 3.2) . Accordingly, all of the results 
from this research demonstrate that there is no significant 
difference between samples stored in glass and polyethylene 
containers for the determination of iodine species. Truesdale and 
Spencer (1974) observed significant losses of iodate-iodine when 
samples were stored in polythene bottles under all conditions 
tested (4 and -20°C) . However, there is not any sign of loss in 
iodate in the sample stored in polyethylene bottle in this
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research. Reasons for the discrepancy between Truesdale and Spencer 
and this research seem of sufficient significance to warrant 
further study.
The Effect of Temperature
Concentrations of iodine species in the samples stored at 
different temperatures are depicted in Fig.3.1. It displays that 
concentrations of iodate and total iodine are unchanged during the 
period of storage under all the conditions tested. Results from 
this research differ significantly from Truesdale and Spencer's 
(1974). They reported that the total iodine concentration of 
unfiltered and filtered samples stored in the dark at room 
temperature changes by up to 15 or 30% (no specification of 
decrease or increase), respectively, in three months of storage. In 
this research, it was found that the concentration of total iodine 
in filtered samples did not change significantly within the first 
three month when the samples were stored in the dark and at room 
temperature (20-25°C) , which has been confirmed in subsequent 
experiments (Chapter III) , while the concentration of total iodine 
tends to decrease after a long time storage (26 weeks). The point 
of contention between Truesdale and Spencer's and this research 
might be that the above authors neglected to account for organic 
iodine in their determination. Because the authors only determined 
the sum of iodate and iodide as the total iodine. If DOI was formed 
from the interconversion of other dissolved iodine species, it 
might directly affect the determination of total iodine. Indeed, 
results from this research show that DOI is produced after the
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storage of one week in the dark and at room temperature (Fig. 3.1) . 
With the increase of DOI, iodide concentration decreased rapidly. 
The rate of decrease in iodide was 0.012 (±0.001) ^M/week and the 
increase of DOI was 0.009(±0.002) yuM/week. Therefore, iodate 
concentration may be relatively stable, though total iodine 
concentration will decrease during the storage, if only inorganic 
iodine concentration is considered.
CONCLUSIONS
(1) Coastal water samples for the determination of dissolved 
dissolved iodine species may not need to be filtered prior to 
storage.
(2) Samples can be stable for at least 3 months at -20°C in 
polyethylene or glass bottles.
(3) The concentration of individual iodine species may change 
significantly when the samples are stored in the dark and at room 
temperature (20-25°C), while total iodine concentrations keep quite 
constant during the first three months.
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CHAPTER IV
THE PRODUCTION OF DISSOLVED ORGANIC IODINE IN  
MARINE WATER 
INTRODUCTION
A number of researchers have shown the uptake of iodate 
and/or iodide by marine phytoplankton (Moisan et al., 1994 and 
references therein) . The uptake of inorganic iodine by marine 
phytoplankton may lead to the production of DOI. Indeed, the 
production of DOI by marine macro-algae has been reported 
(Gschwend et al., 1985; Manley and Dastoor, 1988), however, 
work to date does not show the production of DOI by marine 
micro-algae. Recently, Udomkit (1994) studied the influence of 
phytoplankton on the speciation of iodine and found that all 
the phytoplankton tested took up iodate and produced iodide. 
Moreover, Udomkit found that iodate loss from the medium was 
not equivalent to iodide production. This result suggests 
either the accumulation of iodine in the phytoplankton cell or 
the production of DOI by the phytoplankton.
Alternatively, Wong (1980) and Truesdale (1982) believe 
that DOI can be formed by the reaction between I:/HI0 and 
organic compounds. It has also been proposed that iodate could 
be reduced to an electrophilic iodine species by humic acid at 
the sediment/water interface, and the iodine formed would 
further react with the organic matters to form iodinated 
organic molecules (Francois, 1987). More recently, Truesdale
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et al.(1995) presented laboratory evidence that I_ and HIO 
could form organic iodine compounds in seawater when reactive 
organic species were available. The cumulative evidence 
implies that marine DOI can be produced by the processes 
either directly or indirectly related with phytoplankton 
production.
To reveal the potential source of marine DOI, the present 
research assesses the DOI production from both phytoplankton 
metabolism and nonphytoplankton processes and is conducted as 
follows: (1) A test of the DOI production from the reactions 
between inorganic iodine and naturally occurring organic 
compounds as well as added humic acid; (2) A test of the DOI 
production from the metabolism of inoculated phytoplankton in 
laboratory incubations and (3) A test of DOI production from 
the metabolism of naturally occurring phytoplankton 
communities.
EXPERIMENTAL
Test of DOI Production from Non-phytoplankton Related Reaction
The experimental protocol has been laid out in two parts 
as shown in Fig. 4.1. Scheme A was designated to test the 
possibility of DOI production from reactions related to 
naturally occurring organic compounds. In one experiment, 
freshly collected coastal water (Mogothy Bay, 1996) was 
filtered through a 0.2 /urn Millipore membrane filter and 
0.998 ml of 600 (J.M I03" was added to a 1000 ml sample
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Fig. 4 .1. Flow diagram for the testing o f DOI production from non-phytoplankton
related processes
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
62
(equivalent to 599 nM) . In other two experiments (Samples from 
Lynnhaven Inlet), the samples were filtered through 0.45 £*m 
glass fiber filter (GF/F) and no any additional iodine was 
added.
Scheme B was designated to test the possibility of DOI 
production from humic acid related reaction. 10.4 mg of 
commercial humic acid containing organic carbon of 
38.32% (Aldrich, Cat. No. HI, 675-2) was made in 1000 ml 
(equivalent to 4 ppm of DOC) artificial seawater (Lyman and 
Fleming, 1940) . An 1.995 ml of 200 a*M I" and 0.424 ml of 600 
/iM I0~i were further added to the solution (equivalent to 399 
and 254 nM of iodide and iodate, respectively) . Sub-samples 
split from (A) and (B) were stored in 500 ml Erlenmeyer flasks 
and placed under dark and natural light condition, 
respectively. The dark samples were kept at room temperature 
(22 to 24°C) and the light samples were placed on the roof of 
a lab van. Temperature of the light experiment was 
uncontrolled and it ranged from -1 to 24°C. The samples 
filtered through 0.45 /urn. filter were not split and were kept 
under dark at room temperature. Samples were collected 
periodically. Determination of IO;.‘, I', total iodine and DOI 
were described in Chapter II. Due to the interference of high 
concentration of humic acid, Sep pack light C:3 cartridges 
(Waters, Lot No. T4318G1) were used to remove humic acid 
before the determination of I03” and 1“. The study on the 
retention of C13 indicates that this treatment does not result 
in an analytically significant loss of iodate or iodide. The
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characteristics of the samples used in this experiment and the 
result from the retention experiment are listed in Table 
4.1.
Incubation of Inoculated Phytoplankton in T,ahoratory Cultures
Procedures of the experiment are described in Figure III- 
2a. A Sargasso Sea water medium was filtered through GF/F 
filter (0.45 jum, Whatman) and enriched with nutrients (f/20) . 
It was autoclaved under 15 lbs/in~ at 115°C for 20 minutes 
(Operating/Service Manuals, Amerex Instruments Inc.). After 
cooling to room temperature, five hundred ml of medium were 
dispensed in covered polycarbonate (1000 ml) flasks. The 
flasks were then inoculated with Skeletonema costatam and
Amvhidinium carterae. Phytoplankton used in this study were
obtained from the Provasoli-Guillard Center for the Culture of 
Marine Phytoplankton. Stock cultures were maintained in 
incubators at 20°C under 12:12 hours light:dark cycle provided 
by soft-white fluorescent light at about 50 /uE.m~~.S‘‘ (measured 
with a Photometer, Ll-Cor.)
The incubation was conducted in a water bath under the 
light intensity of 180 /uE.m':.s'~, on a 12:12 hour light:dark 
cycle. The temperature of the water bath was controlled by a 
water circulator (2095 Bath & Circulator) and maintained at 
20°C.
Samples were harvested periodically and filtered with 
GF/F. In vivo fluorescence was determined as an indicator of
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Table 4.1a. The initial concentration (nM) of iodine species 
and salinity of the samples used in the experiment.




















34 399 254 653
* Added concentrations
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Table 4.1b. The result from the retention test of inorganic
iodine on C:. cartridge
Solution Untreated Treated
Sjoecies ior I" 10.' I'
Concentrations 377±12 240±15 360+7 240±14
(nM) N=3 N=3 N=3 N=3
* C , Sep-pak cartridge was pre-treated through successively- 
rinsing with 5 ml of 0.3 mM HC1, 5 ml of methanol and 10 
ml reagent grade water. The sample was passed through the 
cartridge via a peristaltic pump with the flow rate of 0.9 
ml /ml. Samples were made in an artificial seawater and the 
first 10 ml of the sample that passed through the 
cartridge was discarded.










I", IO-j, DOI In vivo Determ.
Fig. 4.2a. Flow diagram o f the experiment for the testing o f DOI production from
inoculated phytoplankton
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phytoplankton growth. Samples for the determination of iodine 
species were stored frozen until the analysis within one 
month. All the samples were replicated.
Shipboard inmhatzi on of Naturally Occurring- Phvtoplankton
Designation of the experimental study is shown in Pig. 
4.2b. During a cruise in May 17-25, 1995, shipboard incubation 
was conducted on the deck of the R/V Cape Hatteras. Surface 
water samples were collected with Niskin Bottles and 
immediately filtered through a 220jum (Nylon-mesh) filter. 
Phytoplankton assemblages in the samples were separated by 
size (220, 5, 1 and 0.45 /im) and then transferred into
polycarbonate bottles. Samples from the above treatment were 
incubated in a water bath under natural light. The cultures 
were enriched with f/20 medium by the dilution of f/2 medium. 
The NH4' nitrogen source was also used in 5 (Nylon-mesh) and 1 
/urn (Millipore) filtered cultures. Temperatures of the 
experiment were controlled by circulating in situ surface
seawater (13.3 °C in station 8 and 25.6°C in station 18) in the 
water bath. Chl-a analysis (Parsons et al., 1992) was used for 
routine monitoring of phytoplankton growth. Cultures were 
sampled periodically and the samples harvested were 
immediately filtered with GF/F, and stored frozen. Chemical 
analysis of the iodine species was performed within three 
months.
Analysis
Determination of iodine species is described in chapter 2.










1% I03" and DOII Chi a Determ.
Fig. 4.2b. Flow diagram o f the experiment for the testing o f DOI production from
situ incubation
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RESULTS AND D ISCU SSIO N
DOI Production from the Non-ohvtoplankton Related Process
Artificial seawater with humic acid added: Results of the
experiment are plotted in Fig. 4.3a and 3b. The chemical 
analysis conducted immediately after the addition of humic 
acid allows a mass balance calculation. Concentrations of the 
determined iodide, iodate and total iodine are 446, 245 and 
715 nM, respectively (Appendix B) . It, therefore, shows that 
about 25 nM of DOI and 45 nM of iodide are introduced by the
addition of humic acid and/or from the artificial sea water.
Information displayed shows that the concentration variations 
of iodide, iodate and total iodine in the duration of the 
experiment are within the detection uncertainty (±3%) (Fig. 
4.3a and b) . Under the dark condition, the concentration 
variations of these iodine species were 439±11 nM for iodide, 
253±8 nM for iodate and 712±10 nM for total iodine. Under the
light condition, it was 439±11 nM, 246±17 nM and 714±13 nM for
iodide, iodate and total iodine, respectively. The high 
repeatability of the experiment in both dark and light 
condition presents the accuracy of the determination of iodine 
species. The DOI concentration was as low as near the 
detection uncertainty (±20 nM) , while a distinct difference of 
the concentrations between dark and light conditions still 
indicated its participation in iodine chemistry of the 
solution. Under dark condition, the average concentration of 
DOI was at 25±15 nM. The concentration of DOI
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Fig. 4.3a. Variation in the concentration o f dissolved iodine species in 
artificial seawter with added humic acid and stored under 
dark condition
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Fig. 4.3b. Variation in the concentration of dissolved iodine species 












exhibited a slight increase (37 nM) from week 4 to week 5. 
Under light condition, the average concentration of DOI was 
only at 6±12nM and no analytically significant variation of 
the concentration was observed. Because of the low 
concentration of DOI, the variation of DOI may only reflect 
the accumulated determination error of iodide, iodate and 
total iodine and is analytically insignificant. However, the 
signal exhibited from the difference of the DOI concentrations 
under dark and light conditions did exhibit the possibility 
that DOI existed in the solution and behaved differently under 
dark and light conditions.
Coastal water: Clear trends of concentration variations of
iodine species have been observed in the samples (Fig. 4.4a 
and 4b) . In the 0.2 /urn filtered sample kept under dark, the 
concentration of DOI increased by 73 nM, 56% of the original 
concentration of DOI within the first week of the experiment. 
An increase of about 21 nM, 10% of the DOI concentration, 
could still be observed in the second week. Upon further 
duration of the experiment, there was no significant variation 
of the DOI concentration within the detection uncertainty, 
except during week 5, in which a decrease of 39 nM, 17% of the 
DOI concentration was exhibited. Interestingly, the iodide 
concentration displayed a concomitant decrease with the 
increase in DOI concentration, with the most significant 
value, 73 nM, 24% of the concentration, occurring during the 
first week. During the second week, a decrease in the 
concentration of iodide about 16 nM, 7% of the iodide
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Fig. 4.4a. Variation o f iodine species in coastal water (Dark condition)


















concentration, could also be observed. With the further 
duration of the experiment, there was no significant change of 
iodide concentration, at a level of 209±2 nM. Similarly to 
that in the artificial seawater with humic acid added, the
concentrations of total iodine were constant within the 
determination uncertainty, with an average at 1071+27 nM (Fig. 
4.4a) . Iodate concentration was also constant within the first 
4 weeks at a level of 648±8 nM. However, during the week 5, 
corresponding to the decrease in DOI, an increase of iodate 
concentration was observed, which was equivalent to the 
decrease of DOI (about 44 nM) . Because of the relatively low 
concentration of iodate increased (7%), it could be a 
coincidence to the decrease of DOI, although the increase in 
iodate allowed a mass balance of iodine species in the 
solution.
In contrast, under light conditions (Fig. 4.4b) instead 
of an increase, the DOI concentration decreased and it dropped 
down by 57 nM, 60% of the DOI concentration in the first week. 
The concentration of DOI remained at a constant low level with 
the further experiment at an average of 3 5±19 nM for the 
duration of this experiment. More interestingly, the iodide 
concentration showed a commensurable increase corresponding to 
the decrease of DOI. The increase of the iodide concentration 
was 49 nM in the first week and a slight increase of iodide 
concentration (15 nM) could still be observed during the 
second week. Again, the concentration of total iodine in the 
sample remained constant, within analytical uncertainty, at an
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Fig. 4.4b. Variation of iodine species in stored coastal water (Light condition)



















average of 1075±17 nM. In addition, the iodate concentration 
was also constant at a level of 673+9 nM. This constantly 
total iodine concentration in both the dark and light 
conditions of the experiment indicates that there is no 
observable loss of iodine due to the evaporation or absorption 
to a solid phase of the reaction vessel in the samples. As a 
consequence, any change in the concentration of iodine species 
should be caused by the interconversion among its dissolved 
species. The consistence between the increase of DOI and the 
decrease in iodide under dark conditions or the decrease of 
DOI concentration and the increase in iodide under light 
conditions in this research demonstrates a clear relation 
between these two iodine species. Information from this 
experiment, thus, suggests that in the Mogothy Bay sample, 
filtered through 0.2 ^m filter, DOI can be formed from the 
interconversion of iodide under the dark condition, while it 
can be decomposed to iodide under the light condition, 
mostly,,during the first week. Iodate does not show a 
significant tendency of participation to the reaction.
In one of the other samples from the Lynnhaven Inlet 
(1995) filtered through 0.45 /̂ m filter, conducted under a 
longer time period (six months), monitoring of the species 
variation allows a more detailed observation. However, the 
information under the light condition is not available from 
this experiment. The concentration of DOI also increased under 
dark condition (Fig.4.5a). Different from the results 
identified in the Mogothy Bay sample, the increase of DOI
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Fig. 4.5a. Variation o f iodine species in 0.45 pm filtered seawater 
(Dark condition, Lynnhaven Inlet, 1995)
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concentration observed started from the second week of the 
experiment. The increase of DOI concentration lasted from week 
2 to week 6 , at an average rate of 20 nM/week. The remained 
concentration of DOI was constant during week 6 to week 8 and 
increased again at an average rate of 7 nM/week with the 
further duration of the experiment until week 12. From week 12 
to week 26, a duration of approximately 3.5 months, DOI 
concentration decreased at an average rate of 2.2 nM/week. The 
total increase of DOI was about 80 nM occurring during the 
duration of the experiment in six months. Again, with the 
increase in DOI concentration, iodide concentration decreased 
from the second week, at an average rate of 22 nM/week from 
week 2 to week 6 and at a rate of 10 nM/week from week 6 to 
week 12. The iodide concentration remained constant from week 
12 to week 27. Similarly, iodate concentration stayed constant 
for the duration of the experiment at an average of 49±4 nM, 
while the total iodine concentration started to decrease 
commencing from about week 4 at an average rate of 2 nM/week. 
Assuming the average concentration (295±7 nM) of total iodine 
before week 4 represents its initial concentration, the result 
shows that within the 26 weeks' experiment the loss of iodine 
from the dissolved phase can be 55 nM. Because iodate remained 
constant during the long time storage, the loss of iodine from 
the dissolved phase can be identified most likely in the form 
of DOI or iodide. However, iodide concentration was also 
constant between week 12 and week 26, during which total 
iodine concentration decreased. The loss of iodine should
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mostly be in the form of DOI. Thus, results from this 
experiment also demonstrated that DOI can be formed from the 
conversion of iodide, while iodate remained constant in the 
Lynnhaven Inlet (1995) water under dark conditions. 
Furthermore, iodine can be lost from the dissolved phase in 
the form of DOI by a long time storage (more than 4 weeks). 
However, in another sample (Lynnhaven, 1996) filtered through 
0.45 urn, a different result was observed (Fig.4.5b). In the 
first week of the experiment, DOI concentration showed a 
slight decrease (21 nM) and the concentration of iodide 
increased by 76 nM, 93% of the original concentration. In 
addition, iodate concentration decreased by 57 nM, 48% of the 
original concentration. In the second week of the experiment, 
iodide concentration decreased by about 28 nM. Corresponding 
to the decrease in iodide, iodate and DOI increased by about 
17 and 14 nM, respectively. Because the total iodine 
concentration did not change (Fig.4.5b), the increase of 
iodide should be attributed to the reduction of iodate and/or 
the decomposition of DOI during the first week. Although 
iodate is the thermodynamic stable form of iodine in marine 
water (Sillen, 1961) , the reduction of iodate to iodide by 
some specific bacteria has been long reported (Tsunogai and 
Sase, 1969) . An immediate reducing of iodate to iodide had 
been observed by the addition of iodate to an Arabian Seawater 
sample from an oxygen minimum zone (Ferrenkopf et al., 1997) . 
Neither 0.45 nor 0.2 ^m filtration can isolate bacteria 
(Macdonell and Hood, 1982) . Therefore, it was not a surprise
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Fig. 4.5b. Variation of iodine species in 0.45 p M filtered seawater 
(Dark condition, Lynnhaven, 1996)
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that iodate was reduced to iodide in one of the samples. 
Besides, result from this experiment also indicates a 
possibility of DOI decomposition by bacteria during the first 
week of the experiment, although the increase of DOI and the 
decrease of iodide in the second week again illustrates the 
sign of conversion of iodide to DOI.
Information from this study, therefore, indicate that 
iodine species are relatively stable in artificial seawater 
with added humic acid but can undergo significant 
chemical/biochemical change in the coastal seawater. Results 
of the change can lead to the formation of DOI via the 
interconversion of iodide under the dark condition and 
decomposition of DOI to iodide under the light condition. 
However, iodide can also be produced by the reduction of 
iodate and/or the decomposition of DOI, possibly mediated by 
some specific micro-organisms.
DOI Production from Inoculated Tnr.uhar.inn
The phytoplankton tested in this research have been 
examined for their ability to take up iodate by an earlier 
study (Udomkit, 1994). Fig. 4.6 shows the growth state of 
incubated phytoplankton in the cultures. The consistency 
between the results of the duplications indicates the 
reliability of the experiment. A lag phase was observed from 
day 0 to day 1 during the incubation of Skeletonem costa.tum.
a coastal diatom. The same lag phase was not observed in the 
cultures of Amphidinium carterae. a coastal dinoflagellate.
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Fig. 4.6. Growth curve of S. costatum and A. carterae in culture
experiment
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This may indicate the difference of the species incubated in 
adjusting the medium. Both of the cultures approached their 
stationary phase after 9 days of incubation. Because there is
no further monitor of in vivo fluorescence after the
stationary phase, this research does not separate stationary 
and senescence phases explicitly. However, the study by 
Udomkit (1994) shows that the culture of S. costatum can
approach its senescent phase in less than two days after it 
reaches its stationary phase.
Changes of the concentration of iodine species are 
displayed in Pig. 4.7a and 7b. It displays that all of the 
cultures show a decrease in iodate concentration concomitantly 
with the increase in iodide. The result is consistent to the 
study by Udomkit (1994) for the same species and indicates the 
function of the phytoplankton species in the transformation of 
iodate to iodide. However, in above referenced research, the 
removal rate of iodate is higher in the exponential phase than 
in the stationary phase. The result in this research indicates 
that above conclusion is not always true. Calculation of the 
average rates of iodate removal and iodide increase is listed 
in table 4.2. It shows that the removal rate of iodate higher 
than 3.0 nM/day can be found both in the log or stationary- 
senescence phases, while the production rate of iodide higher 
than 3.0 nM/day can only be found in the stationary-senescence 
phase of the cultures.
Indeed, removal of iodate and formation of iodide are not 
always balanced as pointed out by the previous study (Udomkit,
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Fig. 4.7b. Concentration variation o f  iodine species in the culture
(.S’, costalum)
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Table 4.2. Rates of variation of iodate and iodide 
concentration in the cultures (nM/day)
Iodide Determination Iodate Determination
Culture A B A B
Phase Log St-sen. Log St-sen. Log St-sen. Log St-sen.
Skel. 
Amphid.
0.8 3.1 -0.9 2.5 
1.4 1.9 -0.6 4.8
-0.6 -3.7 -4.3 -1.2 
-3.2 -2.1 -1.1 -3.0
*Skel: Skeletonema costatum; Amphid: Amphidinium carterae 
*St-sen: Stationary to senescence phase
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1994) . Therefore, DOI can be involved in the species 
transformation of iodine in the culture or iodine is 
associated to phytoplankton cells. However, there is no clear 
relation between the growth of phytoplankton and the 
production of DOI. During the incubation of A. carterae, in
one of the cultures, DOI concentration increased at a rate of 
4.1 nM/day in log phase and then decreased at a rate of 2.2 
nM/day during the stationary-senescence phase from day 10 to 
day 20 (Fig. 4.7a). The concentration of DOI increased again 
during the period from day 20 to dy 30 at a rate of 5.9 
nM/day. The net increase of DOI concentration was about 78 nM 
in the culture. In another culture, the concentration of DOI 
increased at a rate of 6.8 nM/day and then fluctuated around 
at an average of 28±16 nM. During the incubation of 
Skeletonema, instead of increase, the concentration of DOI
actually decreased at a rate of 3.5 nM/day in the log phase 
and became nondetectable in stationary-senescence phase in one 
of the cultures. In another culture, DOI concentration 
increased at a rate of 4.3 nM/day during the log phase and 
decreased to non-detectable level during the stationary- 
senescence phase. Because of the possibility of DOI 
decomposition by light, which has been indicated by previous 
research and will be further presented in the next chapter, 
presence of DOI in the cultures can only represent the balance 
between its formation and decomposition. Therefore, it is 
quite complicated to draw a relation between the growth of 
culture and DOI production. However, the relatively high
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production rate of DOI in the culture of A. carterae from this
experiment presents qualitative information that DOI can be 
produced during the incubation of the inoculated species of 
phytoplankton.
Interestingly, total iodine concentration shows a 
decrease (9.5±2.5%) during the incubation of S. costatum,
while it increases (12.5±1.5%) during the incubation of 
A.catetarae. Results of the duplicated experiments are
repeatable and it therefore indicates the reliability. 
Reasons for the decrease of total iodine concentration in one 
culture of species and an increase in another culture of 
species are not established, while it should not be abnormal 
for a biophilic element.
DOI Production from Two Naturally Occurring Phytoplankton 
Communities
Shelf Break: The sample was collected in the surface of South
Atlantic Ocean Bight (S=33.7, T = 13.32 °C), at 74° 53.9' W, 
37° 15.57'N, with a water depth of 43.2 m. Changes in chl-a 
during the experiment in this research are shown in Fig.III- 
8a. It is often convenient to characterize phytoplankton by 
size. In this research, assemblages of phytoplankton are
divided by 220, 5, 1 and 0.45 ûm filtration. Results from the 
incubation exhibit that in glass fiber (0.45 £mi) filtered 
culture, the amount of chl-a determined approaches the
detection limit (about 10_J Mg/1 ) and therefore phytoplankton
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are basically removed in the cultures. The highest growth rate 
is found in the 220 filtered culture (NO?~) with an average 
of 0.8 Chl-a //g/l.d_i from day 0 to day 5. The higher growth 
rate in 220 ,uM filtered culture indicates the growth of 
microplankton, which have been filtered out by smaller size 
(5 and 1 /mi) filtration. However, there is no analytically 
significant difference between 5 /mi and 1 /urn filtered cultures 
(NO?") , with an average growth rate of about 0.6 Chl-a 
/zg/(l.d) . By the filtration of 1 /mi filter, only a fraction of 
picoplankton may be left. Therefore, the equal growth rate 
between 5 and 1 /mi filtered cultures may either show that 
picoplankton is the major species of phytoplankton assemblages 
in the samples with below 5 /mi size filtration or picoplankton 
growth is faster when larger size of phytoplankton are 
removed.
Studies by Udomkit (1994) in inoculated cultures indicate 
that iodate removal and transformation can be suppressed in 
the presence of ammonium ions. It was suggested that in the 
presence of ammonium, the active transport might be repressed 
and iodate could enter phytoplankton cells only when ammonium 
ions were depleted. The different growth kinetics was observed 
in nitrate and ammonia enriched cultures in this research 
(Fig. 4.8a) . In the former, the amount of chl-a increased from 
day 0 to day 5 and then declined to a low value at day 8 . In 
the latter, there was no sign of the increase of chl-a until 
at least day 5. From day 5 to day 8 , an increase of chl-a 
concentration was observed in the culture. It must be pointed
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out that chl-a concentration in a 5 filtrated sample (NH4‘) , 
at day 8 , is not included, because of possible contamination 
of the sample (Appendix B) . Anyhow, the result shows the 
depression of ammonia to the growth of phytoplankton at the 
beginning of the experiment. The reason why cells stop 
growing in a nutrient enriched culture can vary. Basically, 
the lag phase in a culture is due to the time required for the 
physiological adaptation. The present research displays that 
elevated concentration of nitrate is much easier to be adapted 
than that of ammonia by incubated population of the natural 
phytoplankton community. This is not anomalous and has been 
reported by early research (e.g. Dortch, 1990).
In all of the nitrate enriched cultures, a peak value of 
chl-a can be observed at day 5 and it reaches a lower value at 
day 8 . Although the daily growth rate of the cultures is not 
available, above information indicate that the cultures start 
their exponential phase before day 5 and enter the senescent 
phase before day 8 . On the other hand, in the ammonia enriched 
cultures, chl-a concentration does not increase until day 5. 
The constantly low value of chl-a between day 0 and day 5 
indicates that the cultures do not reach their log phase at 
least until day 5.
Results from chemical analysis of iodine species are 
described in Fig. 4.8b . The calculated rates of iodate
removal, and DOI and iodide production are listed in table 
4.3. Analogous to the experiment conducted in inoculated 
cultures, a significant decrease in iodate concentration has
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Table 4.3. The rate of variation of iodine species during 


















220 /im(N03') -25, -32 6 , 17 1 0, -2 -9, -16
5 ^m(N0?") -14, -42 7, 42 5, 2 -2 , 1
1 Arni(NOf) -16, 10 6 , -3 2 , 12 -8 , 19
GF/F (N03~) -1 1, -9 4, -3 0 , 13 -8 , 1
220 Mm(NH4') -12, -63 3, 31 0 , 49 -9, 17
5 £on (NH4*) -12, -51 7, 38 -1 , 8 -6 , -5
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been observed during the experiment in almost all of the 
cultures, except in a 1 £«n filtered culture where iodate 
increased during the stationary-senescence phase and the 
reason is not clear. The general trend of decrease in the 
concentration of iodate follows the size distribution of the 
cultures. In 220 /im filtered cultures, decrease of iodate 
concentration can be as high as about 50% of the initial 
iodate concentration. In 5 fmi filtered culture, it is about 
44% of the initial concentration of iodate, while it is about 
11% and 19%, respectively, in 1 /nn and GP/F filtered cultures. 
The relatively low iodate reduction rate in the 1 /mi filtered 
culture may be attributed to its low phytoplankton biomass or 
the less efficiency of picoplankton in reducing iodate. 
However, it is not clear for the relatively higher reducing 
rate of iodate in glass fiber filtered culture, because 
phytoplankton do not grow in the culture. It thus invokes the 
function of bacteria that may also play a role in the 
reduction of iodate in the cultures, although phytoplankton 
may play the major part for the reduction of iodate in the 
cultures as suggested by previous research (Moisan et al., 
1994, Udomkit, 1994) and in this research because of the high 
reduction rate of iodate in larger size filtered cultures. 
Concomitantly to the decrease in iodate, iodide concentration 
increases and high rates of iodide formation are also observed 
in larger size filtered cultures. The production of DOI can be 
observed in most of the cultures, with the most significant 
amount in the 220 /im filtered culture (ammonia) . As mentioned
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above, because of the possible decomposition of DOI under 
light, there is no clear relationship between the production 
of DOI and the growth of phytoplankton observed.
Total iodine concentration decreased during the first 5 
days of the incubation in most of the cultures. It increased 
or remained constant during the rest of the incubation, except 
in the 220 (NHD and 1 (NOD filtered cultures, where 
total iodine concentration increased from day 5 to day 8 . In 
the 220 /mi filtered culture (NOD , the amount of decrease of 
total iodine can be 17% from day 0 to day 8 . This implies the 
possibility of phytoplankton to incorporate iodine to the 
cells. Meanwhile, in other cultures the total decrease or 
increase of total iodine concentration is normally less than 
the detection uncertainty (±3%). Therefore, incorporation of 
iodine to phytoplankton cell may not be a crucial process in 
the cultures with the cell size less than 5 /mi.
Although previous study suggested that the mechanism of 
iodine uptake by phytoplankton might be different in nitrate 
and ammonia enriched cultures (Udomkit, 1994) , there was not 
much difference in the concentration variation of the iodine 
species, except in 220 /mi filtered cultures, with respect to 
this research. In the ammonia (220 /mi) enriched culture, the 
concentration of total iodine increased to its initial level 
from day 5 to day 8 , while total iodine kept decreased 
throughout the duration of the experiment in the nitrate 
enriched culture. Present research alone does not provide 
enough information to account for this difference. Further
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study is needed in order to reveal the true processes. 
Sargasso Sea water: The sample was collected in the surface at
74°00.29' , 32°59.84' (S=36.25, T=25.64°C) with a water depth of 
4664 m. Unlike that in the shelf break water, the substantial 
increase of chl-a concentration is only observed in the 
cultures with 220 Mm filtered samples, in which the increases 
were 7 and 5 Mg/1 in nitrate and ammonia enriched cultures, 
respectively (Fig. 4.9a). In the cultures with 5 Mm and 1 Mm 
size filtered samples, increases of chl-a concentration are 
less than 1 Mg/1- The result indicates that diversity of the 
incubated phytoplankton community is relatively small and 
microplankton dominate the community. In nitrate enriched and 
220 Mni filtered culture, the chl-a concentration increased at 
an average rate of 1.7 Mg/day from day 0 to day 4 and then 
decreased at an average rate of 0.73 Mg/day from day 4 to day 
9 during the incubation. The result from ammonia enriched 
culture is quite similar but at a relatively slow rate of 
variation and its chl-a concentration increased at an average 
rate of 1.3 Mg/day from day 0 to day 4 and decreased at a rate 
of 0.23 Mg/day from day 4 to day 9. It therefore indicates 
that log phase started between day 0 and day 4 and senescence 
phase occurred between day 4 and day 9 in both of the 
cultures. Surprisingly, in a glass fiber filtered culture, 
the increase of chl-a concentration was larger than that in 5 
and 1 Mm filtered cultures, with a value of 1.2 Mg/1- The 
observable increase of mass in the glass fiber filtered sample 
might reflect variability of the cultures or contamination and
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Fig. 4.9a. Phytoplankton growth states in ship board incubation (M ay/1995)
























































5 pm filtered (NH4+)
Time (days)
1 pm filtered (N03 )
i
Glass fiber filtered (N03 )




Chemical analysis of the iodine species shows that total 
iodine concentrations are essentially constant within the 
detection uncertainty (±3%) during the incubation (Fig. 4.9b) . 
The decrease of iodate can also be observed in the cultures. 
Concomitantly to the decrease in iodate concentration, iodide 
concentration increased in the cultures. The only exception 
was in 220 ^m filtered culture (NO:D  , where iodide 
concentration also decreased with the decrease of iodate at a 
rate of 5 nM/day from day 4 to day 9. In this culture, there 
was a significant increase of DOI concentration (60 nM) 
observed, whereas there was no significant increase of DOI 
observed within the detection uncertainty (about ±20 nM) in 
all of the other cultures. Calculations on the rates of the 
species variation of iodine are listed in Table 4.4. The 
calculated results display that rates of iodate reduction are 
close to the sum of iodide and DOI production. Thus, the 
association of iodine to particles should not be regarded as 
an important process affecting the concentration of dissolved 
iodine species in the cultures. Comparing the information 
listed in Table 4.3, it can be found that a striking
difference between the cultures in the shelf break and 
Sargasso Sea water samples is the rates of the concentration 
variation of the iodine species. In the cultures with 5 nm or 
larger size filtered shelf break water samples, the reduction 
of iodate ranged from 200 to 247 nM during the incubation of 
8 days (Fig. 4.8b) . The formation of iodide and DOI ranged
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
100
Table 4.4. The rate of variation of iodine species during 
in situ incubation of Sargasso Seawater (nM/day)
Cultures Iodate Iodide DOI Total I
Days 0-4, 4-9 0-4, 4-9 0-4, 4-9 0-4, 4-!
220 yo.n(NOD -8, -6 6 , -5 1, 12 -1 , 2
5 //m(N03') 1 , -5 3, 16 -2 , -4 -2 , 6
1 Atfn(N0 3') -4, -3 3, 10 2 , -4 1 , 2
GF/F (N03') -3, -5 2 , 7 -5, 1 -6 , 3
220 Mm(NH4‘) -5, -8 3, 5 3, 4 -1 , 1
5 Mtn(NH/) -6, 3 5, 4 0, -6 0 , -1
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from 81 to 162 nM and 20 to 146 nM, respectively in the same 
cultures. Nevertheless, in the cultures with the Sargasso 
Seawater, the removal of iodate ranged only from 9 to 63 nM 
and the formation of iodide ranged from 1 to 90 nM in the same 
size filtered samples (Fig.4.9b). Besides, the significant 
increase of DOI concentration (64 nM) was only observed in the 
220 /̂ m filtered cultures. DOI concentration either decreased 
or remained constant in other cultures with the Sargasso 
Seawater samples.
Results from this research, therefore demonstrate that in 
spite of the difference between the cultures with the samples 
from a different region and with a different size, most of the 
cultures showed, more or less, the decrease of iodate and 
increase of iodide concentrations during the incubation, while 
production of DOI is mostly observed in the cultures with 
shelf break water. It is, therefore, compatible with the 
previous research (Udomkit, 1994 and references therein) and 
suggests the mediation of phytoplankton in the species 
transformation of iodine. Furthermore, the results also 
indicate that the mediation of phytoplankton is species 
specific. Species of phytoplankton in shelf break water show 
more efficiently than their open ocean counterparts in 
mediating species transformation of iodine. It is consistent 
to the results from the field observations in early research 
(e.g. Truesdale, 1975; Wong and (Zheng, 1998) that the 
concentration of iodate decreases and iodide and DOI increases 
near shoreward.
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CONCLUSIONS
Iodine species are relatively stable in artificial sea 
water with humic acid added, while they can undergo 
significantly chemical/biogeochemical change in coastal water.
Production of DOI in seawater can occur via both non­
phytoplankton and phytoplankton related processes. The non­
phytoplankton related processes can convert iodide to DOI 
under dark conditions at room temperature, while iodate and 
total iodine concentrations remain constant.
Phytoplankton related processes can convert iodate to 
both iodide and DOI. The rates of iodate reduction and iodide 
and DOI production are different in the cultures with the 
samples from different regions and with different size 
filtration. In the cultures with shelf break water, the rates 
of iodate removal and iodide and DOI production are much 
higher than that with Sargasso Sea water. Therefore, naturally 
occurring phytoplankton assemblages in the waters closer to 
the coast can contribute more to the species variation of 
iodine than open ocean assemblages, which is consistent with 
the field observations in early research.
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CHAPTER V
SUNLIGHT INDUCED IODIDE PRODUCTION: THE 
DECOMPOSITION OF DOI IN  MARINE WATER 
INTRODUCTION
Since Sillen (1961) reported the thermodynamic 
calculation of chemical species in the ocean, the presence of 
iodide, a thermodynamically unstable form of iodine in 
oxygenated surface water, has become the center of much marine 
geochemical research. Biological production of iodide has been 
widely reported (Udomkit and references therein, 1994) ,- 
however no direct evidence has unequivocally identified the 
chemical production of iodide in aerobic surface ocean. 
Jickells et al. (1988) proposed that iodate could be reduced 
to an unstable intermediate by reaction with photochemically 
produced atomic oxygen. The intermediate then decays to form 
iodide. Recent research, however, indicate that iodide can be 
produced photochemically (Brandao et al.,1994,- Spokes and 
Liss, 1996), while iodate is relatively stable in natural 
seawater irradiated under direct sunlight.
Iodine exists as iodide, iodate and dissolved organic 
iodine (DOI) in marine waters. While previous research focused 
mainly on the biogeochemical behavior of inorganic iodine, 
Luther et al.(1991) reported high concentrations of DOI 
comprising up to 70% of total iodine in the Chesapeake Bay 
water. Recently, Wong and Cheng (1998) reported that DOI was
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ubiquitous and could be a major iodine species, representing 
40% of total iodine in coastal waters of the Eastern United 
States. They reported that DOI concentration decreased 
seaward, and were usually low in the open ocean, suggesting 
that DOI could be decomposed during transport to the open 
ocean, or that DOI participates in a dynamic iodine 
equilibrium in the open ocean. Thus, DOI may play a role in 
the geochemical cycle of iodine.
Wavelengths of solar radiation above ca. 290 nm are 
absorbed in the ozone layer of the atmosphere. However, the 
energy available in the residual light - ca. 95 kcal/mol 
(equivalent to 300 nm in wavelength) is still sufficient to 
break most covalent bonds, such as C-C (80-90 kcal/mol) and C- 
C1 (80 kcal/mol) bonds (Sundstrom and Ruzo, 1977) . The photo­
decomposition of DOM by sunlight in marine water has been well 
documented (e.g. Kieber et al., 1990; Mopper et al., 1991). 
The likely chemical bonds of DOI are C-I and N-I (Harvey, 
1980), with bond dissociation energies of 56 kcal/mol and 36 
kcal/mol. Therefore, sunlight-induced decomposition of DOI can 
convert DOI to its inorganic phase. In an effort to test this 
hypothesis, a series of photochemical experiments were 
conducted. This chapter reports the results.
MATERIALS AMD METHODS
Water samples were collected from Lynnhaven Inlet 
(36°22'N, 76°06'W) on July 11, 1995 (S=21.771) and July 29,
1996 (S=18.08) , Oyster (37°17'N, 75°55'W, S=29.79) on October
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1, and Rudee Inlet (36°50'N, 75°58'W, S=20.368) on January 5, 
1996 and March 18, 1997 (S=19.395). The samples were filtered 
within one hour of collection through a 0.45 nm membrane 
filter (MINI capsule filter, Gelman Sciences Inc.) Samples 
used in the experiment were stored in the dark at room 
temperature until a clear day occurred, normally within three 
weeks.
L-thyroxine (C-_;H-_:I4N04) ,- (Aldrich Chem. Co.) was used as a 
known organic compound. L-thyroxine (0.0971 g) was dissolved 
into a l L mixture of HC1 and methanol (1:2 v/v) . This 
solution has a DOI concentration of 500 mM. Then, a 0.5 mb of 
the solution was pipetted into a 500-mL volumetric flask and 
diluted to volume with artificial seawater, yielding a 
concentration of 500 nM. The artificial seawater was prepared 
by the method of Lyman and Fleming(1940) . Aliquots of 20 mL of 
the 500 nM L-thyroxine solution were pipetted into 25 mL 
quartz test tubes. The tubes were sealed with silicone 
stoppers and used as reaction vessels. The tubes were laid 
flat in a plastic tray and exposed to direct sunlight.
In the experiments carried out in the summer (August, 
1995 and 1996), when significant solar heating of the samples 
occurred, the temperature of the experimental solutions was 
kept at 30°C (±1) by running tap water into the tray. In other 
seasons, temperature was not controlled because of the 
difficulty in using running water. The water in the pan was 
not renewed with slowly running tap water. Instead, the water 
level in the pan was kept at a level that allowed about one
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fourth of the surface of the tube to be exposed to direct 
sunlight. Temperature variations in the bath were normally 
from 20° to 32°C. The experiments were conducted in Norfolk 
(37°N, 76°W) on clear to partly cloudy days between mid-
morning and mid-afternoon in order to maximize the intensity 
and minimize short term variations of the incident solar 
light. Light intensities and irradiances were recorded by a 
SOLRAD system (KIPP & ZONEN), which was located directly 
adjacent to the samples, using a non-selective broad band (300 
to 3000 nm) . Separate sub-samples were kept in identical 
vessels in the dark at room temperature (20 °C) . Iodate and 
iodide were determined directly by differential pulse 
polarography (Herring and Liss, 1974; Wong and Zhang, 1992), 
and cathodic stripping square wave voltammetry (Luther et al. , 
1991; Wong and Zhang, 1992) , using an EG&G Princeton Applied 
Research (PAR) MODEL 3 84B Polarographic Analyzer System with 
an EG&G PAR Model 3 03A Static Mercury Drop Electrode. Total 
iodine was determined as iodate after UV irradiation and NaCIO 
oxidation (Wong and Cheng, 1998) . DOI was calculated from the 
difference between total iodine and the sum of iodate plus 
iodide. The precision in the determination of total and 
organic iodine were ±0.008 fuM and ±0.02 /uM, respectively. The 
details have been described in Chapter 2. The precision for 
the determination of iodate at concentrations between 20 to 60 
nM was approximately ±10%.
In one of the experiments, identical samples were also 
transferred into glass tubes and the experiment was conducted
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using the same procedure as described above. The transmittance 
spectra of the wall of the quartz and glass vessels were 
recorded with a Beckman 5230 UV-VIS scanning 
spectrophotometer.
RESULTS AND D ISCU SSIO N
The Decomposition of L-thvroxine
Results of the experiments are presented in Fig.IV-1. It 
illustrates that the concentration of total iodine stays 
within a narrow range between 444 and 505 nM, averaging 477+22 
nM. Variation of total iodine is close to the determination 
uncertainty (±5%) . This suggests that the loss of iodine due 
to evaporation and reaction with the wall of the reaction 
vessel was significant. In contrast, the iodide concentration 
increased rapidly. Within the first hour, it increased from 
non-detectable (<2nM) to 267 nM. By the third hour, the iodide 
concentration increased to 432 nM, about 90% of the total 
iodine. After that, there was little change in the iodide 
concentration, averaging 431±3 nM.
The L-thyroxine solution did not contain a detectable 
amount of iodide but contained about 40 nM iodate. During 
solar irradiation, a slight increase of iodate (about 40 nM) 
was detected. The average concentration of iodate was 61±11 
nM. Considering the determination of iodate at such a low 
concentration, the apparent increase in iodate could result 
from determination uncertainty (±10%) . Consequently, this 
information suggests that iodate did not participate
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Fig. 5.1 Decomposition of L-thyroxine exposed to sunlight
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significantly in the photochemical conversion of DOI to iodate 
and only iodide was produced during the photolysis of L- 
thyroxine. The difference between the average total iodine 
and the sum of iodide + iodate represents the concentration of 
iodine in L-thyroxine. From Fig. 5.1, it can be determined 
that the average rate of decrease of the iodine in L-thyroxine 
is about 215(±42) nM/hr before it becomes non-detectable. This 
is indistinguishable from the rate of increase of iodide 
(204±36 nM/hr) during the same time period. In the dark 
control, no variation of iodine concentration was observed. 
The result, therefore, demonstrates that iodo-L-thyroxine will 
be decomposed rapidly by sunlight and release iodide.
L-thyroxine is a relatively refractory iodine-containing 
organic compound. It can be decomposed only partially by the 
strong oxidant, NaCIO, which is commonly used to destroy DOI 
for the determination of total iodine (Luther et al., 1991; 
Zhang, 1994; Tian et al., 1995). Luther and Cole (1988) 
reported that about 50% of iodine in L-thyroxine could be 
released by NaCIO and determined as iodate. This result was 
further confirmed by Wong and Cheng (1998) . Although there are 
currently no data to demonstrate the photochemical stability 
of L-thyroxine compared to other iodinated organic compounds, 
the rapid photolysis of L-thyroxine suggests that photolysis 
is potentially a direct pathway for decomposition of DOI in 
natural water.
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Decomposition of DOI in Marine Water
Some of the characteristics of the samples used in the 
DOI decomposition experiment are listed in Table 5.1. Iodate 
and iodide concentrations were in the normal range of those 
species in coastal water and estuaries (Ullman et al., 1988; 
Luther et al.,1991, Zhang, 1993). A high concentration of 
normalized total iodine (NTI) was found in Lynnhaven A, 
compared to those reported in the surface water of the 
Atlantic Ocean (Wong, 1995; Campos et al., 1996). This 
elevated concentration possibly resulted from the input of 
iodide from the sediments in the summer (Ullman et al., 1988) . 
Luther and Cole (1988) reported similarly elevated NTI 
concentrations in the Chesapeake Bay within the same salinity 
range. Luther et al., (1991) reported even higher NTI values 
(up to 1058) at lower salinity levels (4.3) in the Chesapeake 
Bay. A common feature in the iodine system chosen for this
research is the high concentration of DOI and low
concentration of iodate. Spokes and Liss (1996) found the
increase of iodide in natural seawater upon sunlight
irradiation. They reported that the production of iodide was 
not biologically mediated and suggested that iodide was formed 
from the reduction of iodate. However, a corresponding 
decrease of iodate was not observed and this discrepancy was 
explained implicitly as the result of the difference in the 
analytical precision and detection limits in the determination 
of iodate and iodide. Because of the low concentration of 
iodate and high concentration of DOI in the samples for this
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Ill















Lynnhaven Inlet A: 
7/22/96 8/8/96 18.1 57 155 331 119 640 ND
Lynnhaven Inlet B:
7/11/95 8/4/95 21.8 56 124 295 115 473 4
Oyster Point A:
10/1/96 10/16/96 29.8 58 262 448 131 526 ND
Rudee Inlet A:
12/24/96 1/6/97 20.4 103 111 343 130 588 ND
Rudee Inlet B:
3/17/97 3/27/97 19.4 90 64 302 148 544 ND
TI: Total dissolved iodine = (I03‘ + f  + DOI)
NTI: Normalized total dissolved iodine = (TI * Salinity/35) 
ND: No data
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research any changes between DOI and iodide will be 
unambiguously recorded, without having a marked effect from 
iodate.
Results of the photochemical experiments are shown in 
Fig. 5.2 to 4. The DOI concentration decreased in the 
Lynnhaven A sample (1996) at an average rate of about 24 nM/hr 
when the sample was exposed to sunlight (Fig. 5.2a) .The 
concentration of DOI became non-detectable after an exposure 
of about 5 hours. A slight increase of DOI, however, was 
observed with a longer sunlight irradiation. Because of the 
detection limit of DOI (about 20 nM) , this variation of DOI 
concentration was possibly from analytical error. In response 
to the decrease in DOI, the iodide concentration increased at 
the same rate (23 nM/hr) , while the total iodine concentration 
did not change within analytical uncertainty. The 
concentration of iodate remained constant during the first 
four hours of sunlight exposure, then increased from about 61 
to 92 nM, while the concentration of iodide decreased 
slightly. The increase in the iodate concentration exceeds the 
precision of the measurement, and is therefore, considered 
significant. Thus, although oxidation of iodide to iodate 
cannot be excluded, further evidence is needed to evaluate 
this process.
In another experiment (Lynnhaven B, Fig. 5.2b) (light 
detection and dark controls unavailable) , the DOI 
concentration decreased in first three hours of solar 
irradiation at a rate of 17 hr/nM. The iodide concentration
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Fig. 5.2a. Variation o f  iodine species concentrations in Lynnhaven A sample
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Fig. 5.2b. Variation of iodine species concentrations in Lynnhaven B sample 
upon direct sunlight irradiation (Aug. 4. 1995)
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Fig. 5.3a. Variation o f  iodine species concentrations in Rudee Inlet A
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iMg. 5.4. Variation o f  iodine species concentrations in Oyster Point
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increased cotnmensurately with the disappearance of DOI, while 
the iodate concentration remained constant over the entire 
duration of the experiment. A marked difference between the 
two Lynnhaven Inlet samples was the residual amount of DOI in 
the samples. In the Lynnhaven B sample, about 65 nM (22% of 
total iodine) remained after five hours of solar irradiation, 
while DOI was undetectable in the Lynnhaven A sample after 
exposure to sunlight for five hours. The residual amount of 
DOI in the Lynnhaven B sample suggests that there could be a 
recalcitrant fraction of DOI that was resistant to sunlight- 
induced photo-decomposition. Wong and Cheng (1998) reported 
that NaCIO, As(III) under acidic conditions and sulfite could 
convert variable amounts of DOI to inorganic iodine in 
different seawater samples, indicating that some fractions of 
DOI are more resistant than others to chemical attack, and 
that the magnitude varies from sample to sample. It is thus, 
also possible that some fraction of DOI are more resistant to 
the photochemical decomposition than others.
Relevant geochemical characteristics of the two samples 
collected from Rudee Inlet were similar, although they were 
collected in different seasons (Table 5.1) . Results of the 
photochemical experiment using the Rudee inlet A sample 
displayed an average DOI photo-decomposition rate of 11 nM/hr 
and an average iodide production rate of 10 nM/hr (Fig. 
5.3a), before the concentrations of these iodine species 
became constant. In Rudee Inlet sample B (Fig. 5.3b), photo­
decomposition of DOI (17 nM/hr) was also commensurate with
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Table 5.2. Summary o f the experimental conditions and results











TI 326 332 331 480-928 30(±l)
P 154 245 157
I0 3- 56 92 61
DOI 119 30 116
Lynnhaven Inlet B:
TI 295 UD UD UD 30(±1)
I* 124 180 UD
IO,- 56 51 UD
DOl 115 65 UD
Rudee Inlet A:
TI 343 346 343 382-565 20-30?
I- 1 1 1 169 119
IO,- 103 108 108
DOI 126 6 8 118
Rudee Inlet B:
TI 297 292 303 658-846 20-29
I- 64 161 77
IO3- 90 97 91
DOI 143 46 126
Oyster Point:
TI 448 456 UD 346-63 I 22-32
I- 262 323 254
IO3- 58 74 60
DOI 119 62 136
*In - Light intensity (w/m2) 
UD- Not detected
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production of iodide (16 nM/hr), before there was no further 
in the concentrations of the species. Both of these samples 
contained residual amounts of DOI, again suggesting that a 
fraction of DOI is resistant to photo-decomposition. In 
addition, the concentrations of iodate and total iodine in all 
samples remained constant at their initial values. Therefore, 
the experimental results also show no significant loss of 
total iodine due to solar irradiation.
The experimental results using Oyster Point sample are 
similar to those reported above. The salinity of the Oyster 
Point sample is relatively high and the experimental results 
showed a DOI photo-decomposition at a rate of 23 nM/hr, which 
was commensurate with the iodide photo-production at a rate of 
20 nM/hr (Fig. 5.4) over the first 2.5 to 3 hours of solar 
irradiation. After the first period, the DOI and iodide 
concentrations did not change with further irradiation. The 
iodate concentration remained constant within the magnitude of 
the analytical uncertainty and therefore the participation of 
iodate in the photochemical process is unlikely.
The results in the different experimental conditions are 
summarized in Table 5.2. Compared to the dark control, the 
results clearly demonstrate that DOI at natural levels in 
marine waters is chemically stable but photochemically 
unstable. More importantly, DOI appears to be decomposed when 
exposed to sunlight, producing iodide. While iodate was 
observed to increase slightly during sunlight irradiation in 
one of the experiments, there is no further evidence to
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
121
support that this process occurs frequently.
Photochemical Characteristics and Geochemical Significance of 
DOI Photolvsis
Several factors influence the photolysis of marine 
dissolved organic matter. Among them, light quality (i.e. 
wavelengths absorbed) can be the most influential (e.g. 
Zafiriou, 1977) .
The optical characteristics of glass and quartz tubes are 
shown in Pig. 5.5. Glass tubes pass light well down to 
wavelength of 320 nm. Above that, the transmittances of quartz 
and glass tubes are essentially and were essentially constant 
at values between 81 and 86%. However, the transmittance of 
the glass tube dropped abruptly below 300 nm. The 
transmittance of quartz tube emained greater than 80% at 
wavelength between 250 to 800 nm but gradually dropped to 61% 
at 200 nm.
As another control, an experiment was conducted by using 
glass and quartz tubes as reaction vessels (Fig. 5.6). About 
68% of the DOI in the quartz tube and 51% in the glass tube 
were decomposed by sunlight irradiation on a sunny day. 
Normalizing the DOI that was decomposed by natural sunlight in 
the quartz tube (97 nm) to be 100%, the results indicates that 
about 75% of the DOI (73 nm) can be decomposed by wavelength 
of light above the UV-B region ( 280 to 320 nm).
Since the contribution of UV light to the total 
irradiation at wavelengths below 350 nm is small (Kirk, 1983) ,
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Fig. 5.5. Comparison of transmittance of quartz and glass vessels under
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Fig. 5.6. A bottle comparison study on sunlight-induced 
decomposition of DOI







the total irradiation received by the samples in quartz and 
glass vessels should not be significantly different (Fig. 
5.5). Thus, the difference (17%) in the DOI decomposition in 
quartz and glass tubes may represent the fraction of DOI which 
is relatively recalcitrant and can only be decomposed by UV 
light below the UV-A region (400 to 320 nm) . In another words, 
this difference was primarily caused by UV-B and/or UV-C (<280 
nm) light, which was virtually absent in the glass vessel. 
Therefore, although visible and UV-A light can contribute to 
the decomposition cf -75% of the DOI in a sample, UV-C and the 
remaining wavelength of UV-B can contribute to the 
decomposition of the remaining DOI, which may not absorb 
visible and UV-A light.
As mentioned, the most intensive part of solar radiation 
is from UV-A to visible light (320 to 400 nm) , which is the 
region of wavelength that has highest penetration in natural 
water. As much as 10% of the light in this region has been 
reported as reaching the depth of 100 m in the Sargasso Sea 
water (Glover et al., 1987). The dissociation energies of 
typical C-I and N-I bonds are about 56 kcal/mol and 36 
kcal/mol, corresponding to the solar energy having wavelengths 
of 510 nm and 750 nm. As a result, sunlight induced
decomposition of DOI can be expected to occur not only in the 
surface ocean, but also deeper in the water column due to 
visible light penetration.
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Exploring the Kinetics of DOI Photolysis
Semilog plots of DOI concentration vs. irradiance obtains 
straight lines (Fig. 5.7), suggesting that the photo­
decomposition reaction follows an overall first order 
kinetics, and thus, the slope of the line from this plot is a 
measure of the rate constant. Although the experiments were 
conducted using different samples from different seasons, the 
rate constants in three experiments are about the same, 0.22 
trr/kW-hr. However, in one of the experiments (8/8/96) , the 
rate constant appears much higher, 0.47 mr/kw-hr. Because the 
rate constant (k) is independent of light intensity and the 
concentration of the reactant, this discrepancy suggests three 
possibilities. First, the temperature of the experiment in 
August 8 , 1996, was much higher (30±1°C) than that in the
other experiments (about 25°C) . Second, DOI may not be a 
single compound, that is, DOI with different structures may 
respond differently to photo-decomposition. Third, because the 
experiments were carried out in different seasons, there might 
be qualitative differences in the solar radiation that induced 
the decomposition of DOI. Based on the data set alone, none of 
these possibilities could be ruled out.
The kinetics of DOI decomposition can be derived from the 
linear relation between light irradiance and In[DOI]
concentration shown in Fig. 5.7.
d[C]/d(Ir) = k[C] 
or In [C] = k(lr) + ln[C]3 (1)
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Where [C] is the concentration of DOI in nM at any time and 
[C] 3 is the concentration of DOI at the beginning,- Ir is solar 
irradiance in kW-hr/m- and k is the rate constant in rrr/(kW- 
hr) , which is determined by the linear relationship between 
the DOI concentration and Ir (Fig. 5.7). When [C] = 0.5[C] -,
The relationship between Ir and irradiation time (t) can be 
best fitted (Table 5.3). The half life of DOI, t. _ in hr, can 
then be calculated as:
Here a and b are, respectively, the intercept and slope of the 
linear regression between irradiance and time. The results of 
the calculation of Ir;/: and t-_ : are listed in Table 5.3. The 
results indicate that naturally occurring DOI with a 
decomposition rate constant less than 0.47 nr/kw-hr is more 
resistant to solar irradiation of iodo-L-thyroxine which has 
a decomposition rate constant of 2.65 nr/kw-hr. The photo­
decomposition rate also shows seasonal changes. The half life 
of the reaction, tI/;, varies seasonally, and is shortest in 
the summer. Even though the decomposition rate constant is the 
same during other seasons, the half life varies and is longest 
in winter. This may suggest the influence of light intensity 
and temperature on the photo-decomposition of DOI.
(Ir)= (Ir)4 = (InO.5)/k (2)
t1/: = (Ir-a)/b (3)
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Table 5.3. Kinetic information on DOI photo-decomposition
Sample and 
Parameters Slope Intercept r2 (Ir),, t,,2 Remark
L-Thyroxine Solution: 
Ir vs t 0.84 -0.063 1.00 0.38
In[Thyroxine] vs Ir -2.65 6.38 0.95 0.26 [C]<0 excluded
Lynnhaven A: 
Ir vs t 0.69 -0.038 1.00
ln[C] vs Ir -0.47 4.85 0.83 1.47 2.18
Rudee Inlet A:
Ir vs t 0.43 0.048 0.98
ln[C] vs Ir -0.22 4.87 0.94 3.15 7.21
Rudee Inlet B:
Ir vs t 0.73 0.015 0.99 4.29
In[C] vs Ir -0.22 4.91 0.72 3.15
Oyster Point A: 
Ir vs t 0.52 0.012 0.98
In[C] vs t -0.23 4.76 0.72 3.01 5.76
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
129
Therefore, the photolysis rate of DOI should be reduced in 
winter and at "high latitudes." On the other hand, all of the 
half lives of DOI photo-decomposition are on the same order of 
hours, indicating that DOI in the surface ocean is rapidly 
turned over, and these short half lives are consistent with 
the low concentration of DOI in surface open ocean water.
CONCLUSIONS
Sunlight-induced decomposition can be a primary fate of 
DOI in marine water and the reaction can be expressed as 
having first order kinetics. The product of the sunlight 
decomposition of DOI is iodide, while the iodate concentration 
remains constant.
At mid-latitude irradiance (37°N, 76°W) , the half life of 
the DOI decomposition was on the order of hours and decreased 
from summer to winter.
Although both visible and UV light could cause the 
decomposition of DOI, the largest portion of DOI is decomposed 
by visible or UV-A light under natural sunlight. Therefore, 
photolysis of DOI may not only be limited to the upper few 
meters, but may also reach down into the water column due to 
the light penetration.
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DISSOLVED ORGANIC IODINE IN  THE CHESAPEAKE BAY 
INTRODUCTION
As the largest estuary in the United States (National 
Estuarine Inventory, 1985) , the Chesapeake Bay is a moderately 
stratified coastal plain estuary. The bay is seasonally 
stratified, with the most intense stratification occurring 
during the summer (Zhang, 1994 and references therein) . 
However, surface and bottom waters are not completely 
separated during the summer stratification. Strong wind events 
and cross bay seiching have been shown to be able to mix 
surface and bottom waters, although stratified conditions can 
be reestablished within few days (Chuang and Boicourt 1989; 
Sanford et al. , 1990). The bay can be divided into two
sections by a ridge/sill, a deeper, upper section (North) and 
a more shallow, lower section (South). Direct flushing by 
incoming seawater is restricted in the upper part but not in 
the lower bay (Luther and Cole, 1988) . The geomorphology of 
the Chesapeake Bay has resulted in distinctive geochemical 
features of the environment in different sections of the bay. 
As a result, seasonal oxygen depletion in the deep basin of 
the Northern bay has been well documented (Taft et al., 1980;
Officer et al., 1984) . This makes the Chesapeake Bay a
favorable natural laboratory conducive to the study of 
chemical variability of elements existing in different
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chemical forms like iodine.
The speciation of iodine in the Chesapeake Bay has been 
investigated by several researchers(Luther and Cole, 1988; 
Ullman et al., 1988; Luther et al. , 1991; Zhang, 1993). While 
those researchers presented extensive information on the 
distribution of iodate and iodide, mechanisms related to 
species transformation are still not fully explored, due to 
the lack of DOI information, or a proper determination of 
iodine species. By the using of a newly established analytical 
method, the objective of this research was focused on the 
study of the species variation of iodine, with an emphasis on 
the role of DOI in iodine marine geochemistry, and, with the 
goal of revealing transformations of iodine species.
SAMPLING AND ANALYSIS
The samples from the Chesapeake Bay were collected with 
a Tygon tube connected to a submersible sump/utility pump 
(Dayton Electric MFG Co.) on September 5, 1995 (Lower Bay) and 
September 8 , 1995 (Upper Bay) . Samples were also collected
from the Atlantic Ocean on board R/V Cape Hatteras during a 
cruise in May 17 to 25, 1995. This set of samples were
collected with a Teflon tube connected to a water pump (Cole 
Parmer Master Flex) . The samples for the determination of 
salinity and nutrients were filtered through 0.45^m (glass 
fiber) filters. All of the other samples were unfiltered. 
Samples were stored in polyethylene bottles or glass bottles
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(for salinity), and frozen (-20°C) until analysis, within 3 
months. Iodine species were determined by the methods 
described in the Chapter 2. Salinity was determined with
portable salinometer (Guildline, Instruments LTD, Canada). 
Nutrients were determined by the methods of Parsons et al. 




The present study was carried out at two sites located in 
the Mid Bay and Lower Bay (Fig. 6.1). The hydrographic
conditions and nutrient distributions of the two locations 
are shown in Fig. 6.2 and Fig. 6.3.
Mid Bay: Water column temperature in the Mid Bay decreased
less than l °C, while the salinity varied by about 7 from the 
surface to the bottom (Fig. 6.2a). The water column was well 
mixed down to 6 m, within which salinity changed only 1.6 and
a. varied 0.3. The deep mixed layer started from the depth of
15 meter. Below this depth, salinity increased only by 0.6 and 
density varied within 0.5 a.. Therefore, the stratification, 
which was indicated by a density gradient of 0.5c./m from the 
depth of 6 to 15 m of the water column, was mainly maintained 
by the salinity gradient. In the surface mixing layer, DO 
decreased relatively from 5.58 (ml/1), at the depth of 1 
meter, to 1.81 (ml/1), at about 6 meter. The relative
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concentration of DO was lower than 0.3 ml/1 in the deep mixed 
layer. Because DO concentrations determined by CTD was not 
calibrated, the results could only represent the tendency of 
the variation. However, early research reported the similar 
result in the same season at the site near the present 
research station (Diego-McGlone, 1991).
Water column profiles of silicate, phosphate, nitrate and 
nitrite are shown in Fig. 6.2b. Silicate concentration 
increased with depth in a range of 25 to 33 a*M. The 
concentration of phosphate increased from 0.4 to 0.8 ^M in the 
surface mixed layer. In the deep mixing layer, it increased 
from 1.9 to 2.4 ^M. The concentration of nitrite was about 
0.08 â M in the surface mixing layer. A high concentration of 
nitrite up to about 7 ,uM was exhibited in the deep mixed layer 
of the water column. The nitrate concentration was highest 
(5.8 /uM) at 20 m, the beginning of the deep mixing layer, and 
it decreased to 0.5 a*M in surface and 2.3 a*M in bottom water. 
Lower Bay: The decrease in temperature was only 0.2 =C from
the surface to the bottom in the water column, while salinity 
increased by about 4.5 (Fig. 6.3a) . DO concentration ranged 
from 4 ml/1 at the depth of about 2 m to 1 ml/1 in the bottom 
water of the Lower Bay. The relative concentration of DO 
indicated that it was higher in the deep mixed layer of the 
Lower Bay than in the Mid Bay. Variation of the density in the 
water column of the Lower Bay was only about 2.5 a., which was 
much less than that in the Mid Bay (5.5 a.), though the
density was much higher in the Lower Bay than in the Mid Bay
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(Fig. 6 .a) . The surface mixing layer can be down to 10 meters, 
within which salinity changed by 0.5 and density varied in 
less than 0.4 a.. The deep mixed layer started from the depth 
of about 18 meters, below which the variations of salinity and 
density were less than 0.6 and 0.5 a., respectively.
The concentration of silicate in the surface water of the 
Lower Bay was only about 1/100 of that in the Mid Bay and it 
increased with the depth from 0.3 to 7.3 a*M from surface to 
bottom in the water column. The highest concentration at 
bottom was only about 1/5 of that in the Mid Bay. The 
concentration distribution of silicate in the Mid Bay from 
present research was consistent with the result reported by 
Diego-McGlone (1991) , while it was much lower than the 
referenced result in the Lower Bay at a site close to the 
station in present research. The above referenced research 
displayed that silicate concentrations were similar in the 
water columns of the North and South Bay. However, study by 
Fisher et al. (1988) demonstrated a significant decrease of 
silicate concentration with salinity in the Chesapeake Bay. In 
Mid Bay, with a salinity of 15, silicate concentration was 
about 25 juM. With the increase of salinity to about 25, the 
concentration of silicate decreased to below l fj M. 
Therefore, result from this research is more consistent to that 
reported by Fisher et al. (1988) . The distribution pattern of 
phosphate in the Lower Bay was quite similar to that in the 
Mid Bay. The concentration was lowest (about 0.4 //M) in 
surface layer and it increased with depth to about 2 ^M. The
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result was consistent to that reported by Taft and Taylor 
(1976). The nitrite concentration approached the detection 
limit (about 50 nM) in surface layer of the Lower Bay. It 
increased to 0.24 //M at the depth of 10 m, the bottom of the 
surface mixing layer, and increased to 0.35 nM at the bottom 
of the water column. The low concentration of nitrate of about 
0.8 //M was also observed in the surface layer of the Lower 
Bay. Nitrate concentration increased with depth to about 3 /uM 
at the bottom water. Again, the concentration of nitrate is 
consistent to the result reported by Fisher et al. (1988) . It 
is also consistent with the research by Cowan and Boynton 
(1996) in which concentration of nitrate is lower than l mM in 
the surface water of both Mid and Lower Bay.
The spatial distribution of hydrographic conditions and 
nutrients in the Mid and Lower Bay presented thus reflects 
that significant stratification occurs in the researched water 
columns. The degree of stratification varies from the Mid Bay 
to Lower Bay and mixing is stronger in the Lower Bay. Besides, 
a higher eutrophication occurs in the Mid Bay.
Distribution of Iodine Species
Mid Bay: The general feature of distribution of iodine species
can be related to the stratification of the water column (Fig.
6.4a). Iodate was nondetectable in the surface water and it 
became detectable at the bottom of the surface mixing layer 
(10 m)at a level near the detection limit (20 nM) . The 
concentration of iodate demonstrated little variation in the
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deep mixed layer, with an average of 64+8 nM. Iodide showed 
its minimum concentration in the surface mixed layer, with an 
average of 175±13 nM, 63% of the total iodine. The 
concentration of iodide increased with depth at a gradient of 
11 nM/m in the transition layer. Iodide concentration was 
fairly constant in the deep mixed layer, with an average of 
283+8 nM. DOI had a higher concentration in the surface mixed 
layer, at an average of 96±6 nM, 35% of the total iodine. The 
concentration dropped off with depth at a gradient of 7 nM/m 
below the surface mixing layer to the depth of 20 m. In the 
deep mixed layer, DOI concentration increased slightly to the 
bottom water at a gradient of about 2 nM/m.
Lower Bay: Similar to that in the Mid Bay, the concentration
of iodate is nondetectable in the surface of the water column 
(Fig. 6.4b) . However, different from that in the Mid Bay where 
iodate was nondetectable well down to the bottom of the 
surface mixed layer, the concentration of iodate increased 
rapidly to 63 nM in the subsurface. It remained nearly 
constant (57±4 nM) in the depth from 5 to 20 meters and 
increased slightly to the bottom with a gradient of 1.4 nM/m 
in the deep mixing layer. The concentration profile of iodide 
also appeared constantly low in the surface mixed layer and 
the average was 196+3 nM, 57% of the total iodine. A gradient 
of increase at 6 nM/m was observed in the transition layer. 
The concentration of iodide remained constant at 261±10 nM in 
the deep mixed layer. Corresponding to the low concentration 
of iodate and iodide, the maximum concentration of DOI (157
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nM) was observed in the surface layer of the Lower Bay, which 
occupied 45% of the total iodine. However, unlike that in the 
Mid Bay, where DOI concentration was nearly constant in the 
surface mixed layer, DOI concentration in the Lower Bay 
dropped sharply from sharp surface to subsurface. The 
concentration of DOI remained nearly constant (74±8 nM) from 
the depth of 5 to 30 meters.
Concentrations of iodate and iodide from this research 
are quite normal to the concentration range of estuaries 
reported by previous studies (Smith and Butler, 1979; 
Takayanagi and Cossa, 1984; Luther and Cole, 1988; Ulman et 
al., 1988; Luther et al. , 1991; Zhang, 1994). The result
presented indicates that although iodide is the dominant 
species of iodine in the Chesapeake Bay, DOI is substantial. 
The concentration of DOI can range up to 45% of the total 
iodine in the investigated area. In the stratified water 
column, a high concentration of DOI can only be found in 
surface water and in the environmental regimes where iodate 
concentration is absent or relatively low. Result of this 
research is consistent to previously published studies (Luther 
et al., 1991; Zhang 1993). In all of the research, high 
concentration of DOI only presents in oxygenated surface 
water.
D ISCU SSIO N
The distribution of the iodine species has been presented 
along with the description of the associated environmental
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parameters. Insight into the information suggests two 
important issues that need to be further explored. The first 
addresses the geochemical behavior of iodine during estuary- 
mixing, whether iodine is conservative or nonconservative. 
This topic has long been disputed and still open for 
discussion (Smith and Butler, 1979; Takayanagi and Cossa, 
1985; Ullman et al., 1988) . The second deals with a more 
objective understanding of the species conversion of iodine, 
that is,- how is the interlink among iodine species including 
DOI in the estuary? Returning to the first point, it can be 
presented by:
The Par-t-.iclpa.tion of DOI in Iodine Cvcla
In order to expose changes due to real losses or gains 
instead of simple dilution, normalized iodine concentration is 
used in the following. That is, iodine concentration is 
normalized to unit salinity and then multiplied by 35, the 
average salinity in the ocean (Truesdale, 1994) . In the 
following, normalized iodine species are represented by NTI 
for total iodine, NTI I for total inorganic iodine, NIO.' for 
iodate and so on.
Normalized iodate and iodide (Fig. 6.5) shows the high 
concentration of iodide and low concentration of iodate 
relative to the incoming Atlantic Ocean water. In which 
concentration of NI* was less than 250 nM and NIO-T high than 
200 nM (Luther and Cole, 1988; Luther et al., 1991) . It 
indicates the strong reduction of iodate to iodide. However,
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Pig. 6.5 also shows that normalized concentration of iodide is 
much lower in the surface water, where iodate is 
nondetectable, than in the deep mixing layer, where iodate is 
observed in a low, but detectable level. Obviously, chemical 
reduction of iodate to iodide is not the only mechanism to 
interpret the loss of iodate in the surface layer. The result 
exhibited in Fig. 6.4 leaves no doubt that inorganic iodine 
lost can have been converted to DOI. However, concerning the 
dispute (Smith and Butler, 1979; Takayanagi and Cossa, 1985,- 
Ullman et al., 1988), the point discussed is focused on how 
much inorganic iodine lost has been converted to DOI. To find 
an answer for this question, a direct way is to compare NTI 
and NTII in the water columns.
The distribution of NTI and N T H  in the investigated 
water columns is depicted in Fig. 6 .6 . Clearly, it shows that 
NTI I is depleted from surface layer in either the Lower Bay or 
Mid Bay. The difference between the deep mixed layer and 
surface water can be about 30% in the Mid Bay and 45% in the 
Lower Bay. Thus, if one only considers the inorganic iodine, 
a fully logical interpretation might be given as such that 
iodine was uptaken by biological processes and incorporated 
into/onto particles. Consequently, a significant part of 
iodine would have been combined with particles and demanded a 
deep water recycling. Nevertheless, such interpretation can be 
immediately denied by the fact that NTI shows little vertical 
variation in the water column (Fig. 6.5) . This supports the 
previous research ( Luther and Cole, 1988/ Luther et al.1991)
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and indicates that there is little real loss or gain of iodine 
from the dissolved phase. Instead, a substantial amount of 
iodine (30% of total iodine in the Mid Bay and 40% in the 
Lower Bay) only undergoes interconversion between inorganic 
and organic phases in the water column. This is also 
consistent with the direct study of Wong et al.(1976) of 
particulate iodine distribution, and demonstrates that iodine 
can be rapidly recycled within the surface water. Results in 
the Chapter 3, which shows that iodine in particle phase is 
analytically insignificant, also have provided direct 
evidence.
The above evidences, thus, indicates that total iodine is 
nearly conservative and total inorganic iodine is non­
conservative, which is mainly resulted from the inter­
conversion between dissolved inorganic and organic phases. 
Although one can not exclude the possibilities of the removal 
or addition of iodine to/or from the solid phase, these 
processes have not significantly affected the distribution 
patterns of the iodine species in the water columns. However, 
concerning the second issue, above evidences also raise a 
further question as what is the major form of iodine that can 
be converted to DOI during iodine cycle in the estuary. In 
this research, the following contribution presents the 
exploration.
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The Geochemical Dynamics of Iodine Species
It has been well documented that the decrease in iodate
concentration corresponds to the increase in iodide in the 
surface layer of the open oceans (Wong, 1991; Truesdale, 
1994) . In contrast, present research shows that by independent 
determination, the coupling between iodate and iodide is weak 
in the Chesapeake Bay (Fig. 6.4 and 5). Instead, coupling 
between the presence of DOI and iodate can be clearly seen. As 
shown in Fig. 6.4, and 5, a depletion in iodate concentration 
associated with the enrichment of DOI, while iodide 
concentration is significantly low in the surface layer of the 
Chesapeake Bay. It suggests that geochemical dynamics of the 
iodine species in open ocean may not be applied to the 
estuary. To explore the interlink of the iodine system in the 
estuary, a simple box model is applied. The boundary of the 
box is set on the Chesapeake Bay mouth and only the variation 
within the bay is considered. The following assumptions are 
used in the model's calculation: (l) All of the iodate in the 
Chesapeake bay is from the incoming Atlantic Ocean water; (2) 
Iodine from other sources is only in the form of iodide.
The first assumption is based on the fact that there is no 
other source of iodate to the estuary has been found than 
oceanic water (e.g. Wong, 1991). Regarding the second one, in 
addition to iodide, one can not exclude the possibility of DOI 
from sediment, though no research has been presented to 
demonstrate this possibility. Nevertheless, the assumption 
made in this research is essentially based on the fact that
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DOI concentration in the bottom water of the researched area 
approaches its detection limit (about 40 nM) , therefore it can 
be ignored even though there may be an input of DOI from the 
sediment. The riverine input can also be a possible source of 
DOI. However, total concentration of iodine in river water is 
only about one tenth of that in marine water (Miyake and 
Tsunogai, 1969; Reifenhauser and Heumann, 1990) . In addition, 
early investigation in the Chesapeake bay have shown that 
input from fresh water approached zero (Luther and Cole, 
1988) . Comparing to the iodine pool in the estuary, input of 
DOI from the riverine source should not be sufficiently large 
to constitute a significant error in the calculation. Under 
the assumptions given above, the net change of iodate 
concentration from the incoming Atlantic Ocean water can be 
used as an useful index to estimate the scale of the 
inter conversion among iodine species. Because iodate can only 
be from the incoming oceanic water, any change of iodate in 
the estuary must reflect the in situ process. To illustrate
this process, a conceptual diagram can be applied to describe 
the in situ conversion of iodine species (Fig. 6.7) .
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Fig. 6.7. A conceptual diagram describing species conversion of iodine. Iodate from 
incoming Atlantic Ocean is converted to DOI and iodide in the surface layer. Iodate and 
DOI are convereted to iodide in the deep layer.
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Equations used for calculation: Establishment of equations
for the calculation of the box model are based on: Iodine (in
situ) = Iodine (input) + Iodine (gained or lost) . In a steady-
state, the following equations can be derived:
Iodate: N I O = (NlOf)- - aNIO,' (1 )
DOI: NDOI = (NDOI)a + a (NDOI) (2)
Iodide: NI' = (NI'K + (aNI~) + (aNI') : (3)
Here:
NX: Normalized iodine species determined in situ.
(NX) A: Normalized iodine species determined in the incoming
Atlantic Ocean water. 
aNX: Calculated Changes of iodine species concentration.
(aNI")s: Normalized iodide from the reduction of iodate 
(NI~):: Normalized iodide input from the sources other than
incoming Atlantic Ocean water.
Statistical distribution of the iodine species including 
DOI nearby the Chesapeake Bay mouth in the Atlantic Ocean is 
listed in Table 6.1. A comparison with historic information 
(Table 6.2) shows that iodide concentrations are statistically 
the same, whereas iodate and total iodine are relatively low 
in this research. Reasons for the discrepancy of total iodine 
and iodate concentrations between previous results and the 
results from present research are unclear. The seasonal 
variation of iodine may be responsible, because
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153
Stat. Wat. D. Lat. Longit Salinity n io 3- NT- NTI NDOI
S3 13 m 37°01.90' 75°46.51’ 31.756 0.184 0.164 0.423 0.075
S4 12 m 37°05.17’ 75°45.18' 31.809 0.161 0.218 0.415 0.036
S5 12 m 37° 10.37’ 75°42.79’ 31 789 0.173 0.247 0.416 -0.003
S6 11 m 37° 15.52’ 75 “40.62’ 31.669 0.160 0.224 0.410 0.025
Average 3l.8±0.1 0.17±0.01 0.21±0.03 0.42±0.0l 0.03±0.03
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Table 6.2. D istribution o f iodine species in the Chesapeake Bay mouth
(from historic research)
Station Water Depth 
(m)






42 7 31.301 226 247 473
42B 9 32.542 244 218 462
59 13 30.180 282 166 444
60 16 31.297 321 146 439
Average 3 1.3±0.83 268±37 194±40 455±14
*Stations 42 and 42B are from Luther and Cole (1988); 59, 60 from Luther et a l.(l99 l).
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
155
samples from this research were collected during May, while 
samples from the previous research were from July. However, 
according to Jickells et al.(1988), there is no obvious 
seasonal change of total iodine and the variation of iodate to 
total iodine ratio was less than 5% between May and October, 
1985, in the Sargasso Sea. By using the information from the 
present research, the result of the calculation is shown in 
Table 6.3 and depicted in Fig. 6 .8 . It displays that in the 
surface mixing layer, within which the loss of iodate from the 
incoming Atlantic Ocean water could be 76% in the Lower Bay 
and 100% in the Mid Bay, all of the lost iodate from the 
incoming Atlantic water could have been converted to DOI.
On the contrary, in the deep mixing layer only about 41 
and 47% of iodate from the incoming Atlantic Ocean water could 
have been converted to other forms in the Mid and Lower Bay, 
respectively. Within which, only 0.02 ,uM, 29% of the lost 
iodate, could have be converted to DOI in the Lower Bay and 
0.03 a*M, 37% of the lost iodate in the Mid Bay. Instead, 
iodate lost was essentially converted to iodide in the deep 
water. It was 0.05 ixM, 71% of the reduced iodate in the Lower 
Bay and 0.05 a*M, 63% of the reduced iodate in the Mid Bay. It 
should also be noted that in the deep mixing layer of the 
Lower Bay, the concentration of NI03" was as high as 0.1 ixM, 
59% of the iodate from the incoming Atlantic Ocean water. Even 
in the hypoxic environment of the deep mixing layer in the Mid 
Bay, about 53% (RI03'=0.09) of the iodate from the incoming 
Atlantic Ocean water still exists. However, in the
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Table 6.3. Concentrations o f iodine species fo r  the model calculation (/A4)
Location Mid Bay Lower Bay Atl. Ocean
Depth(m) 0-5 m 0-5 m 0 m
Salinity 17.2 25.9 31.6 - 3 1 8
I0 3- 0 0.03 0.15-0.17
NIO3 0 0.04 0.16-0.18
T 0.17 0.19 0.15-0.22
NI- 0.35 0.26 0.16-0.25
DOI 0.10 0.12 0.0- 0.07
NDOI 0.20 0.16 0.0-0.07
TI 0.27 0.34 0.37-0.38
NTI 0.55 0.46 0.41-0.42
Dcpth(m) >30 >30 m /
Salinity 24.2 29.1 t/
ICV 0.06 0.08 /
NIO3- 0.09 0.10 /
r 0.28 0.26 /
NI- 0.40 0.31 /
DOI 0.04 0.04 /
NDOI 0.06 0.05 /
TI 0.38 0.39 /
NTI 0.55 0.47 /


































Fig. 6.8. A box model for the evaluation of geochemical dynamics 
of iodine system in the Chesapeake Bay water column
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oxygenated surface water, iodate was non-detectable. This 
important feature indicates that chemical reduction of iodate 
may not be a controlling factor for the absence of iodate in 
the surface layer. Instead, biological conversion of iodate 
seems to be more important.
The concentration of NTI in the Chesapeake Bay water was 
higher than in the incoming Atlantic Ocean Water. This may 
indicate the addition of iodine from other sources. The excess 
was in the form of iodide and was about 0.05 /uM, 12%, and 0.13 
fj. M, 24% of the total iodine in the Lower and Mid Bay, 
respectively. It is possible that the excess iodine is from 
sources such as the input from sediments and/or fresh water 
(e.g. Ullman et al., 1988). By using the information from 
previous research listed in Table 6.2 as the reference, the 
contribution of iodine from other source can be ignored in the 
Lower Bay. However, it still constitutes to about 17% of the 
total iodine in the Mid Bay. The same phenomenon can also be 
derived from the result reported by Luther and Cole (1988) ,- 
Luther et al. (1991) . Nevertheless, no matter what the import 
of iodine from the sediment is, it does not affect the fact 
that DOI in the estuary is from the conversion of iodate from 
the incoming Atlantic Ocean water.
CONCLUSIONS
In the stratified water column of the Chesapeake Bay, the 
high concentration of DOI is only found in the oxygenated 
surface water where the iodate concentration is low or absent.
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Biological processes can be crucial in reducing iodate in 
oxygenated surface water. A "Box Model" calculation 
demonstrates that production of DOI is eventually created by 
the net depletion of iodate.
Total inorganic iodine displays significant depletion in 
the surface layer, while total iodine shows little vertical 
variation in the stratified water column. Accordingly, the 
depletion of total inorganic iodine can only be a result of 
the inter-conversion between DOI and inorganic iodine, rather 
than the corporation to solid phase.
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CHAPTER VII
SPECIA TIO N  OF IODINE IN  THE JAMES RIVER ESTUARY
INTRODUCTION
Knowledge of species variation of elements during estuary 
mixing is of great value in understanding of the 
biogeochemical nature of the elements (e.g. Aston, 1978). 
Iodine displays multi-oxidation state variability and exists 
in the forms of iodate, iodide and dissolved organic iodine 
(DOI) . Distribution of the iodine species in estuary has been 
investigated by several researchers, while the speciation of 
iodine directly from riverine input to marine water has only 
been reported by a few of previous studies (Smith and Butler, 
1979; Wong, 1982; Takayanagi and Cossa, 1984) . In addition, in 
these studies DOI was considered to be the minor contributor 
to the iodine pool and therefore ignored.
Studies to date raise a question whether iodine is 
conservative or not in the estuary. For reliance on the 
resolution to this question, a simple review of iodine
speciation in estuaries is required. Iodide was normally the 
dominant species of iodine in estuaries (Wong, 1991) . The
concentration of iodate was not always detectable in the low
salinity portion of estuaries. Luther and Cole (1988) found
that iodate was not detectable until the salinity of 22 in the 
surface water of the Chesapeake Bay. A high concentration of 
DOI up to 70% of total iodine was reported in the Chesapeake 
Bay surface water, where iodate was absent or low (Luther et
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al., 1991) . Thus, a possibility that iodide and DOI was cycled 
in the surface water was proposed by Luther et al.(1991). In 
addition, Wong and Cheng (1998) found that DOI was ubiquitous 
and high concentration of DOI, up to 40% of the total iodine, 
could be frequently observed in the east coast of the United 
States. As a consequence, from above review, it may be an 
oversimplification to study speciation of iodine without 
considering the contribution of DOI in estuaries.
In the present research, information on the speciation of 
iodine including DOI in the James River estuary from zero 
salinity to the Chesapeake Bay mouth is presented. The James 
River is Virginia's largest tributary to the Chesapeake Bay 
and contributes about 16% of the total fresh water inflow to 
the Chesapeake Bay (Pritchard, 1952) . It is a slightly 
stratified estuary about 640 km long. Tidal influence may 
extend to about 150 Km upstream (Brehmer and Haltiwanger, 
1966) . The James River gives rise to a continuous spectrum of 
speciation of elements from fresh to marine water and, 
therefore, is a favorable laboratory of nature to study the 
geochemical behavior of iodine during estuarine mixing. This 
study is an extension of the Chesapeake Bay research presented 
above and was designed with a primary objective to determine 
if iodine is conservative during estuary mixing or, if it is 
not, what causes the nonconservative behavior of iodine. To my 
knowledge this is the first report that quantitatively 
reflects the speciation of iodine including DOI, directly from 
riverine input to marine water.
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SAMPLING AND ANALYSIS
Along the transect from the James River estuary end 
member (S=0.0) to near the Chesapeake Bay mouth (S=18.6), the 
entire salinity gradient at 2 interval was sampled (Fig. 7.1) . 
Samples were collected on June 19, 1996 with a polyethylene 
bucket. The sample for the determination of nutrients and 
salinity was immediately filtered through pre-rinsed glass 
fiber filter (Gelman Sciences) and it was not filtered for the 
determination of iodine species. Samples were stored and 
frozen (~20°C) until analysis within one month. The 
determination of iodine species is described in Chapter 2. 
Salinity was determined with an portable salinometer 
(Guildline, Instruments LTD, Canada). Nutrients were 
determined by the methods of Parsons et al. (1992) .




Fig. 7.1. The map o f sample locations
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RESULTS AND D ISCU SSIO N
General Features of the Environment
The raw data obtained during this study is listed in Table
7.1. Concentrations of silicate and nitrate ranged from 10 to 
140 and 0.2 to 11 fJ-M, respectively. The highest concentrations 
were detected at the riverine end of the estuary (Fig. 7.2). 
Strong horizontal gradients of these nutrients, decreased at 
52 (J.M and 3 per salinity unit, were observed in the estuary 
near the riverine input (Fig. 7.2) . In contrast, the 
concentration of phosphate was relatively low near the 
riverine end (0.3/̂ M) and the high concentration up to 1.6 iM 
could be observed in the high salinity portion of the estuary. 
The concentration of nitrite did not vary greatly in a range 
between 0.2 and 0.5 /uM. The James River receives significant 
artificial enrichment of nutrients above the usual forest and 
agriculture sources (Brehmer, 1972). A high concentration of 
silicate, up to 160 (J.M, was reported near the riverine end and 
the concentration of silicate decreased to about 20 /iM near 
the Chesapeake Bay mouth (Moon, 1979). Results from the 
present research are, therefore, consistent to the previous 
research. High concentration of nitrate up to 136 ^M near zero 
salinity portion in the James River was also reported by the 
previous research (Moon, 1979) . The concentration of nitrate 
was greatly controlled by the growth rate of phytoplankton. 
Therefore, the relatively low concentration of nitrate 
reported in this research may relate to a high growth rate of
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Sal. SiO,A*M P O fmM N 0 3 A* M NO,luM1 ND 68 53 121 0.00 140 0.35 0.2 11.20
2 ND 25 102 127 2.12 36 0.42 0.2 5.11
3 ND 53 97 150 3.65 33 0.72 0.3 1.89
4 ND 71 97 168 5.83 50 0.92 0.3 0.93
5 ND 62 110 172 8.44 35 0.80 0.3 1.67
6 ND 93 90 183 10.90 30 1.45 0.4 0.43
7 ND 101 116 217 12.56 27 1.55 0.3 0.47
8 ND 107 123 230 14.01 23 0.55 0.2 0.39
9 40 95 126 261 15.93 16 0.48 0.2 0.29
10 51 102 132 285 18.56 12 0.29 0.2 0.28
11 55 123 105 283 18.61 13 1.17 0.5 0.25
12 52 145 78 275 18.53 14 1.69 0.4 0.22
13 66 139 72 277 18.56 13 1.26 0.2 0.30
14 63 117 112 292 18.35 10 0.44 02 0.33
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Fig. 7.2. Distribution of nutrients in James River surface water








phytoplankton.. Phosphate concentration (as soluble reactive 
phosphate) was reported ranging from nondetectable to 0.4 ,uM 
in the upper 1 m of the Chesapeake Bay (Taft and Taylor, 
1976) . In the deep Chesapeake Bay water, the concentration of 
phosphate could be about 2.5 a*M. However, in the surface water 
of the James River, the concentration of phosphate was 
observed up to about 9 mM (Moon, 1976) . The concentration of 
phosphate was reported to be greatly controlled by the growth 
rate of phytoplankton along the axis of the James River 
estuary. Accordingly, the relatively high concentration of 
phosphate in the salinity portion, between 10 to 12 and around 
18 in the present research, may reflect the low growth rate of 
phytoplankton relative to the other portion in the estuary.
Distribution of Iodine Species
Distribution of the iodine species and the ratio of 
individual iodine species to total iodine are depicted in Fig. 
7.3 and 4. The concentration of TI ranges from 121 to 292 nM 
(Fig. 7.3a) . It is within the normal range of estuaries and 
comparable with the concentration of iodine in corresponding 
to the similar salinity level (e.g. Luther and Cole, 1988; 
Luther et al., 1991). TI concentration increases with salinity 
from riverine side of the estuary to the Chesapeake Bay mouth, 
displaying the mixing process of iodine in the James River. 
The concentration of TI determined was 121 nM at the riverine 
end (0.0%o) of the estuary. The reported world average iodine
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Fig. 7.3. Distribution and mixing lines of iodine species in the James River
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Fig. 7.4. The ratio o f  iodine species over total iodine the in James River surface water
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concentration in river waters was only 40 nM (Turekian, 1969) . 
TI was nondetectable in a salinity range of 0.143 to 1.047 in 
the Chesapeake Bay water (Luther and Cole, 1988) . In St. 
Lawrence Estuary, the concentration of iodine was also 
nondetectable at zero salinity (Takiyanagi and Cossa, 1984) . 
However, Smith and Butler (1979) reported iodine concentration 
of 23 /ig/1 (181 nM) as iodide in Yarra River estuary at the 
salinity of zero. Besides, Ullman et al.(1988) found a 
significant addition of iodine to the upper reaches of the 
Delaware estuary and they suggested that the urban loading of 
this estuary leaded to the initial concentration in the upper 
estuary of -200 nM. The high initial concentration of TI in 
the James River therefore, is not abnormal for a river 
receiving significant artificial loading (Brehmer, 1972). The 
concentration of total inorganic iodine (TII) ranges between 
25 and 205 nM in the James River, with a general trend of 
increase with salinity (Fig. 7.3b) . The ratio of TII and TI 
generally increases with salinity, except at salinity zero, 
where a relatively high ratio of TII/TI is observed (Fig. 
7 .4a).
The concentration of DOI ranges from 53 to 132 nM (Fig. 
7.3d) . High ratio of DOI to TI is observed in low salinity 
portion of the estuary and it decreases with salinity (Fig. 
7.4b). Below the salinity of 15, DOI is the dominant species 
of iodine. The ratio of DOI/TI ranges from 44 to 80% and the 
highest ratio of 80% is observed right after the fresh water 
input, at the salinity of 2. Near the Chesapeake Bay mouth at
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the salinity of about 18, the ratio of DOI to TI varies 
between 25 and 46%.
Iodate is nondetectable below the salinity of about 15, 
and the concentration of iodate increases from 40 nM at the 
salinity of 15.9 to 66 nM at the salinity of 18.5 towards the 
Chesapeake Bay mouth (Fig. 7.3e) . The ratio of iodate to TI 
ranges from 0 to 23%, indicating that iodate is the least 
abundant species of iodine in the James River estuary. Luther 
and Cole (1988) found that iodate was undetectable in the 
Chesapeake Bay water at the salinity below 22 during July 17- 
20, 1986. In addition, Luther et al. (1991) found that iodate 
was nondetectable below the salinity of about 19 in the 
summer, 1987 in the Chesapeake Bay. Result from this research 
is consistent with previous observations and demonstrates that 
iodate can be absent in the low salinity portion of the 
estuary. However, Wong (1982) reported the existence of iodate 
in the James River surface water from the salinity of zero to 
15. The concentration of iodate in the low salinity portion of 
the James River, determined by Wong (1982) , was in less than 
40 nM. The detection limit of iodate in the present research 
is about 20 nM, therefore a possibility might exist that 
iodate, in very low level (near detection limit of 20 nM) , 
could be missed.
The concentration of iodide ranges from 25 to 145 nM and 
it is also low in the low salinity portion of the estuary, 
except at the salinity of zero, where the concentration of 
iodide is relatively higher than its adjacent stations (Fig.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
172
7.3c). The concentration of iodide, which occupies 20 to 53% 
of the total iodine, increases towards the Chesapeake Bay 
mouth. At the salinity of about 18, iodide becomes the 
dominant species of iodine (Fig. 7.4).
Distribution of the iodine species in the James River is 
consistent to previous investigations (Luther et al., 1991;
Wong and Cheng, 1998) and demonstrates that DOI is a major 
contributor to the iodine pool. Therefore, any ignorance of 
DOI in the study of iodine biogeochemistry in estuaries may 
lead to less reliable conclusion. With the above information, 
the following research provides a further insight into the 
biogeochemical behavior of iodine in the estuary.
Conservative and Non-conservative Behavior of Iodine
A classical model of estuary mixing, removal, and input 
for dissolved constituents has been presented by Boyle et 
al. (1974) . In this model, the flux of an element across an 
isohaline surface is determined from the relation:
Q,=Qw[C- (S-Sr) .dC/dS]
Where: Q. is the flux of studied element; Q._. is the river water 
discharge; C is the concentration of studied element; S is 
salinity, and Sr is the salinity from riverine input. The 
variation of the flux with salinity is therefore:
dQ./ds=-Qw [C- (S-Sr) .d-C/dS-1)
In the conservative case:
dQc/ds=0=d'C/dS‘;
Thus:
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The biogeochemical reactivity of elements during 
estuarine mixing has been described with the mixing model by 
numerous workers. The following discussion will apply the 
basic principle of this model to determine the reactivity of 
iodine species in the James River estuary.
The mixing curves of iodine species in the James River 
estuary are presented in Fig. 7.3. A good agreement was found 
between the distribution of TI concentration and the linear 
dilution curve of TI within the uncertainty of the data, 
indicating the conservation behavior of the TI in the estuary 
(Fig. 7.3a).
The linear line of TI suggests that there is no 
observable addition or removal of iodine during the 
investigation. An extrapolation to 35, the average salinity of 
open ocean, shows that TI concentration will be at 428 nM, the 
normal concentration of iodine in the Atlantic Ocean 
(Jickells, 1988; Campos et al., 1995; Wong, 1995). It suggests 
the chemical continuity of the total iodine between the James 
River and Oceanic water. Because of the conservative behavior 
of TI, any change of the individual species of iodine should 
reflect the interconversion among iodide, iodate and DOI.
The scattering of DOI prevents a detailed analysis 
addressing the formation or decomposition of DOI. However, 
recall that the ratio of DOI/TI decreases with salinity, 
except at zero salinity (Fig. 7.4b) . It indicates that the
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formation of DOI may relate with, nutrients and primary 
production (Luther et al., 1991), because the concentrations 
of silicate and nitrate also decrease with the increase of 
salinity. The lowest ratio of DOI/TI at zero salinity suggests 
that instead of input from fresh water, DOI should be mainly 
formed within the estuary. It was the formation of DOI in the 
estuary that complicated the biogeochemistry of iodine.
It is not a surprise to find that TII is nonconservative 
(Fig. 7.3b), because of the existence of DOI up to 80% of the 
total iodine. The best-fit equation of TII is presented as a 
comparison with the linear mixing line (Fig. 7.3b) . Divergence 
of TII distribution from the linear mixing line addresses the 
biological removal of inorganic iodine to DOI. Near the 
Chesapeake Bay mouth within a salinity range of 18.4 to 18.6, 
TII concentration varied between 153 and 205 nM. The variation 
was 29% of the averaged TII in the same salinity range. It is 
much higher than the possibly accumulative error (about ±7%) 
of the determination of iodate and iodide. This further 
suggests that TII was not uniformly varied with salinity. 
Distribution of iodide scattered around the linear line (Fig. 
7.3c). The observed drops of iodide concentration from the 
linear line may reflect the events of interconversion of 
iodide to DOI. The high concentration of iodide at the zero 
salinity represents that the major form of iodine from fresh 
water is iodide, which is consistent to previous research 
(e.g. Smith and Butler, 1979) . A significant variation of 
iodide concentration near the Chesapeake Bay mouth can also be
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observed. With the salinity range of 18.4 to 18.6, the 
variation of iodide has been about 45 nM, 36% of the averaged 
iodide and 25% of the averaged TII in the same area. It 
suggests that the variation of TII near the high salinity 
portion of the James River was mainly contributed by the 
change in iodide concentration. Iodate was absent in most of 
the researched estuary, therefore there was no reason to 
consider iodate to be conservative (Fig. 7.3e) . However, a 
nearly conservative line of iodate can be observed in the 
portion where salinity is higher than 15 in the estuary. The 
increase rate of iodate with salinity is close to that 
reported by Wong (1982) in the high salinity portion of the 
James River and Southern Chesapeake Bay, in which the rate of 
[I03‘]/S was about 11 (Fig. 7.3e) . Assuming iodate being 
conservative from the salinity of 16 to the shelf area, an 
linear extrapolation of the mixing line to the salinity 3 5 
gives a concentration of 246 nM. It is about the same value of 
the iodate concentration reported by Wong (1995) in the South 
Atlantic Bight (S=36) and Jickells (1988) in the Bermuda 
inshore water (S=36). The result, therefore, shows an 
interesting fact that iodate could be exhausted in the low 
salinity portion of the estuary, whereas it could be nearly 
conservative from the high salinity portion of the estuary to 
the shelf water. This fact implicitly indicates that in the 
high salinity portion of the estuary the rates of physical 
processes are far faster than the rates of chemical and/or 
biological removal (Ullman et al., 1988), which result in the
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consumption of iodate in the low salinity portion of the 
estuary.
CONCLUSIONS
High DOI concentration, up to 80% of the total iodine, 
has be found in the low salinity portion of the James River, 
where iodate is absent.
Total iodine is conservative during the estuary mixing. 
Interconversion among individual species results in more or 
less nonconservative behavior of iodide, iodate and DOI.
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SUMMARY AND SUGGESTION FOR FUTURE RESEARCH 
SAMPLE HANDLING AND DETERMINATION OF IODINE 
SPECIES
Sample filtration was not found to have an analytically 
meaningful effect on the determination of the iodine species. 
Samples can be stored both with plastic and glass bottles. 
Samples should be stored in frozen as soon as possible in 
order to avoid the concentration change of iodine species. 
Samples, filtered and unfiltered, stored at -20°C did not have 
detectable change of iodine species up to three months. 
Storage in the dark at room temperature is not acceptable, 
because of the variation of iodine species.
DOI concentration can be estimated as the difference 
between the total I (TI) and total inorganic iodine (TII). TI 
is determined as iodate quantitatively after DOI has been 
mineralized by intensive UV-irradiation and all the reduced 
iodine is converted to iodate by the oxidation of NaClO. TII 
is the sum of iodide and iodate, which are determined 
independently. Not only can NaClO convert iodide to iodate but 
also decompose DOI partially to inorganic iodine. Analogously, 
As'*, under acidic conditions, can reduce iodate to iodide as 
well as decompose DOI partially to inorganic iodine. 
Accordingly, previous research, that estimated iodide as the 
difference between TI.-. and iodate, or TIi.: and iodate may have
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over-estimated the value of iodide. The research that 
estimated DOI as the difference between TI-.-,- and TI-., or TI , 
and TII have underestimated the concentration of DOI. The 
addition of sulfite in natural pH value of seawater does not 
have a detectable effect on the determination of iodine 
species, while it can convert DOI to iodide partially under 
acidic condition. Therefore, TI,- is an overestimation of TII 
and underestimation of total I, when DOI is present.
THE PRODUCTION OF DISSOLVE ORGANIC IOD INE IN  
MARINE WATER
DOI can be produced both by non-phytoplankton and 
phytoplankton related processes. In the former, iodide may be 
converted to DOI under dark in room temperature. In the 
latter, organisms convert iodate to DOI. Production of DOI by 
phytoplankton can be species specific. Inoculated incubation 
of S. costa turn does not show the sign of DOI production, while
it can be observed during the incubation of A . carterae. All
the incubated phytoplankton show the removal of iodate and the 
production of iodide.
Production of DOI and iodide and removal of iodate can be 
observed in natural occurring assemblages both from shelf 
break water and Sargasso Seawater. However, the production or 
removal rates are quite different in different samples from 
different regions and filtered with different sizes. In the 
cultures with shelf break samples, the rates are much higher
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than Sargasso Seawater samples. With 220 and 5 ym. filtered 
shelf break water sample, the production of DOI ranged from 20 
to 146 nM in both nitrate and ammonia enriched cultures, 
during an incubation of 8 days. However, in the cultures with 
Sargasso Sea water samples, significant increase of DOI 
concentration (64 nM) could only be observed in 220 /im 
filtered culture (N03~) . Besides, the production of iodide and 
removal of iodate can range from 81 to 161 nM and 200 to 247 
nM during the incubation of shelf beak water in 5 or larger 
size filtered cultures, while it only ranges from 1 to 90 nM 
and 9 to 63 nM in the cultures with Sargasso seawater samples. 
The results thus, are consistent to field observations from 
previous research and suggest that phytoplankton species near 
coastal water can play more important role in affecting the 
species conversion of iodine.
D E C OMPOSITION OF  DOI I N  MARINE W A T E R
The major route of DOI decomposition in marine water can 
be the sunlight induced reaction. This process is quite 
pronounced. Iodo-L-thyroxine, which is resistant to NaClO 
oxidation, can be quantitatively photolyzed to inorganic 
iodine by solar irradiation at a rate constant of 0.84 nr/kw- 
hr, with a half life of 0.38 hours. In four coast water 
samples with salinity range from 18 to 30, the rate constant 
varies from 0.22 to 0.47 irr/kw-hr, and the half life is from 
2.18 to 7.21 hours. The product of DOI photolysis is iodide, 
while iodate remains constant.
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Photolysis of DOI occurs not only at UV portion but also 
out into visible region of solar light. In one sample, at 
least 70% of DOI was decomposed by UV-A to visible light. It 
is consistent with the previous report that the most likely 
associated bonds of organic iodine are C-I and N-I, which have 
bond dissociation energy corresponding to the visible light 
region. As a consequence, photolysis of DOI can be expected to 
occur deeper into the water column, because of the penetration 
of visible light.
THE GEOCHEMICAL B E H A V I O R  OF DISSOLVED ORGANIC IODINE 
IN THE CHESAPEAKE B A Y  AND THE JAMES R I V E R
DOI is a major species of iodine in the moderately 
stratified Chesapeake Bay. The concentration is found to be up 
to 158 nM, 45% of the total iodine at a salinity of 25.7. The 
high concentration of DOI is found in surface water where 
iodate is absent or relatively low. Total iodine shows little 
vertical variation in the water column, therefore the high 
concentration of DOI should be mostly from the interconversion 
of the dissolved inorganic species of iodine. A box model 
calculation indicates that in the Chesapeake Bay water about 
76% of iodate from incoming Atlantic Ocean water might have 
been converted to DOI in the surface water of the Lower Bay 
and 100% in the Mid Bay during the investigated season.
DOI was the dominant species of iodine in the slightly 
stratified James River estuary in the salinity range less than
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15. The concentration of DOI, up to 80% of the total iodine, 
was found in the James River estuary. The ratio of DOI/TI 
decreased with the increase of salinity in the James River. 
The initial concentration of iodine from fresh water input can 
be as high as 121 nM, with about 60% in the form of iodide. 
Iodate is absent in the low salinity portion of the James 
River (<15). Total iodine displays conservative behavior in 
the James River. Interconversion among iodate, iodide and DOI 
results in more or less non-conservative property of the 
individual iodine species.
SUGGESTION FOR FUTURE RESEARCH
Regarding the global marine cycle of iodine, an important
question is the way by which iodine is transported from marine 
water to the atmosphere. The usual concepts of the iodine 
marine cycle seldom consider DOI. However, as presented in the 
chapter IV, photolysis of DOI can be a significant process 
that decomposes DOI in the surface ocean. An enrichment of DOI 
has been observed in the marine micro-layer, where iodide and 
iodate concentrations show the same concentrations with the 
subsurface water (Cheng et al., 1994). Photolysis of DOI can 
be mediated by the reaction:
R-I + hv ---  R + I (Zifiriou, 1977)
Considering the rapid photolysis of DOI in marine water, it 
might be possible that the photolysis of DOI in the marine 
micro-layer led to direct injection of the iodine atom into
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the atmosphere. If the above hypothesized process is true, the 
evaporation of atomic iodine from the marine micro-layer may 
greatly affect atmospheric chemistry because the ocean can 
provide a huge pool of I to the atmosphere and the rapid 
reaction of I with free radicals in the atmosphere.
To test above hypothesis, therefore, I suggest a detail 
research on the existence of DOI in the marine micro-layer, 
the photochemical simulation of the reaction among iodine 
species (form, flux and mechanism) on the boundary layer 
between the marine micro-layer and the atmosphere. Based on 
the results, the contribution of DOI photolysis in marine 
micro-layer to the atmospheric chemistry can be estimated. The 
successful completion of this research may open up a new 
avenue regarding a better understanding of the global cycle of 
iodine as well as atmospheric chemistry.
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DETERMINATION AND SAMPLE HANDLING
a. Test on the oxidation efficiency of UV unit for the decomposition of DOM
(Sample collected from Great Machipongo Inlet (S=32.0), 5:53 pm, July 18/1995, 
filtered through GF/F and stored in glass bottle under frozen until analysis)
UV (Hrs) 0 1 2 3 4 5 6
Iodine (nM) 
determined 314 444 446 459 469 463 447
DOC (ppm) 4.0 0.9 0.5 0.5 0.5 0.4 0.4
Decomposition 
of DOC (%) 0 78 88 88 88 90 90
b. Comparison on different analytical methods for the determination of total iodine (nM)
(Sample was collected from Great Machipongo (S=31.1, [I03']=27 nM, p']=l 12 nM ), 
about 10 am, November 28/1995, filtered through GF/F and stored in glass bottle under 
frozen until analysis)
UV (Hrs) 0 0.5 1 2 4 6 8
I, (NaCIO) 0.201 0.254 0.251 0.237 0.249 0.254 0.240
I,(S032-) 0.154 0.258 0.229 0.216 0.220 0.261 0.261
I, (ICP-MS) 0.262 0.258 0.260
c. Concentration variations of iodine species from the sample stored at different 
temperatures
(Sample was collected from Lynnhaven Inlet (S=21.771, [I'] = 163 nM, P 0 3] = 44 nM), 
2 pm, July 11/1995. Sample was filtered through GF/F and split to three parts. One was 
stored in plastic container, under dark and at room temperature. Other two were stored in 
glass and plastic containers, respectively, under frozen)
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Time (weeks) Iodide (nM) Iodate (nM) It (nM)
Plastic Glass Dark Plastic Glass Dark Plastic Glass 1Dark
0 163 44 293
1 173 169 164 49 44 44 317 290 290
2 170 171 134 46 2 49 311 305 288
3 158 158 125 61 56 60 302 296 307
4 167 170 104 43 55 59 295 296 295
6 161 161 69 42 45 43 287 288 282
8 167 155 66 51 51 50 294 284 278
12 165 162 26 45 48 44 271 299 261
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APPENDIX B
EXPERIMENTS ON THE PRODUCTION OF DOI FROM PHYTOPLANKTON AND 
NONPHYTOPLANKTON RELATED PROCESSES
a. Chlorophyl and iodine data from in situ experiments (station 8 - shelf break)
(Sample was collected from Atlantic Ocean during May 17-25 cruise)
Day Bottle Flask# Avg.Chl-a (^g/l) Iodide Iodate Totl-I (nM)
0 0.42 92 447 542
5 n o 3* 1 5.93 121 322 497
2 2.32
n h 4- 1 0.04 105 389 497
2 0.04
5//NOj- 1 2.86 127 375 532
2 2.71
5mNH4' 1 0.35 126 389 513
2 1.00
in 1 3.13 123 366 503
2 2.94
Glass 1 0.10 110 390 504
2 0.10
8 n o 3- 3 1.38 173 227 448
4 3.52
N H / j 3.65 199 200 548
4 0.97
5^N 03- J 4.84 254 247 536
4 0.59
5/zNH/ 3 0.34 241 236 499
4 14.59
l{* 4 1.91 113 397 561
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APPENDIX B (Continued)
Day Bottle Flask# Avg.Chl-a (pig/1) Iodide Iodate Totl-I (nM)
8 Glass ND 101 362 507
*ND - nondetectable
b. Chlorophyl and iodine data from in situ experiments (station 18 - Sargasso Sea)
(Sample was collected from Atlantic Ocean during a May 17-25 cruise)
Day Bottle Flask# Avg.Chl-a (̂ ug/1) Iodide Iodate Totl-I (nM)
0 0.08 71 405 503
4 N 03- I 6.56 95 374 500
3 7.56
NH,- 1 6.11 82 384 506
4 4.30
5/uN 03‘ J 0.32 83 408 509
4 0.39
5mNH4‘ J 0.45 89 383
4 0.41
I 0.59 83 389 507
2 0.57
Glass 1 1.05 79 391 478
2 1.36
9 N03- 2 4.63 72 345 508
4 2.24
n h 4* 2 3.92 109 342 509
s 3.74
5/iN03* 1 0.18 164 385 538
2 0.22
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APPENDIX B (Continued)
Day Bottle Flask# Avg.Chl-a O^g/l) Iodide Iodate Totl-I (nM)
9 5//NHT 1 0.18 111 396 496
2 0.12
1 n 3 0.16 131 373 517
4 0.09
Glass 1 0.96 113 364 491
2 0.17
c. Iodine data from culture experiment (Skeletonema and Amphidinium)
(Phytoplankton used were from the Provasoli-Guillard Center, medium was made from
the Sargasso Seawater)
Start date: November I. 1995
Day Sample io3- r It(/^M)
0 Skele A 0.344 0.093 0.482
B 0.353 0.099 0.452
Amphi A 0.345 0.078 0.413
B 0.344 0.092 0.417
5 Skele A 0.332 0.091 0.444
B 0.341 0.096 0.443
Amphi A 0.347 0.087 0.448
B 0.345 0.077 0.456
10
Skele A(original) 0.338 0.101 0.449
B ” 0.310 0.090 0.443
Amphi A " 0.313 0.092 0.440
B " 0.333 0.086 0.431
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Day Sample Iodide Iodate Totl-I (a/M)
20 Skele A(original) 0.323 0.157 0.432
B " 0.332 0.132 0.442
Amphi A(original) 0.298 0.129 0.446
30
B ” 0.286 0.122 0.459
Skele A(original) 0.263 0.163 0 422
B ” 0.282 0.140 0.420
Amphi A ” 0.271 0.130 0.479
B ” 0.273 0.182 0.470
d. Growth of phytoplankton (in vivo fluorescence) in iodine culture experiment*
Day Skele A Skele B Amphi A Amphi B
0 0.000 0.000 0.000 0.000
I 0.000 0.000 0.025 0.034
2 0.016 0.005 0.064 0.054
3 0.219 0.226 0.206 0.173
4 0.816 0.700 0.536 0.398
5 1.760 1.720 1.140 0.882
6 3.310 3.160 2.210 1.820
8 6.000 6.130 5.030 4.250
9 6.840 7.070 7.020 6.780
10 7.330 7.350 7.770 7.860
*. Chlorophyl-a and in vivo fluorescence Data were provided by Claudette Lajoi
e. Production of DOI by non-phytoplankton related processes in natural sea water 
(Sample was collected from Mogothy Bay, 10/1/96, S=29.334, [I03]=62, [T]=299 
and PJ=405 nM. Sample was filtered through 0.45 /^M membrane filter and added I03' ).
MD - Experiment was conducted under dark condition; ML - Experiment was 
conducted under natural light condition.
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APPENDIX B (Continued)
Day M D-r MD-IO3- M-DOI MD-I, ML-I- ML-ICV ML-DOI ML-I,
0 299 662 129 1090 299 662 129 1090
7 226 652 202 1080 348 680 52 1080
14 210 637 223 1070 363 659 48 1070
21 210 651 219 1080 366 685 29 1080
28 212 642 376 684 -20 1040
35 206 686 185 1078 366 683 45 1094
f. Variations o f iodine species in the sample under dark, at room temperature.
Sample (S=18.08) was collected from Lynnhaven Inlet, 10:30 am, July 22/1996. Sample 
was Filtered through GF/F.
Day Iodide Iodate DOI It
0 82, 76, 78, 88 114, 124 147 347
7 151, 163 58, 66 126 345
14 128, 124 74, 84 141 348
g. Concentration variation of iodine species in artificial seawater with humic acid added 
(HD - Experiment was conducted under dark; HL- Experiment was conducted under 
natural light condition)
Day HD-r HD-103- HD-DOI HD-I, HL-I- HL-IOj- HL-DOI HL-I,
0 446 245 24 715 446 245 24 715
7 237 722 216 737
14 452 264 A 712 476 236 -5 707
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APPENDIX B (Continued)
Day HD-r HD-KV HD-DOI HD-I, HL-r HL-IO,- HL-DOI HL-I,
21 421 262 16 699 440 270 4 714
28 445 246 9 700 438 256 0 694
35 430 248 46 724 443 254 23 720
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APPENDIX C
EXPERIMENTS ON THE REACTION BETWEEN IODINE SPECIES AND
SULFIDE
Reaction vessel: All the laboratory experiments were carried out in an one liter 
polyethylene cubitainer. The cap o f the cubitainer was modified with a three way valve to 
allow to maintain anoxic condition and sampling without leaking of gas.
Materials: Seawater sample used in this study was collected from Rudee Inlet 
(S=20.334, pH=8.07l, T=24°C) and it was filtered through 0.45 [xm MINI Capsule filter 
(Gelman Science Inc.). Iodoacetic acid was from Eastman Kodak Company and 3-L- 
iodotvrosine was from Sigma Chemical Co. Iodoacetic acid was directly dissolved to 
artificial seawater (Lyman and Fleming, 1940); 3-L-iodotyrosine was first dissolved in 
methanol (0.3071 g added 4 drops o f methanol and then diluted to 1000 ml artificial 
seawater). Sulfide gas standard was used in this experiment. Hydrogen sulfide gas stock 
standard was prepared by mixing hydrogen sulfide with helium gas in a ratio of 
1:5000,000 (H2S:He) by volume.
Sample treatment: About 800 ml sample was transferred to the cubitainer and bubbled 
with argon gas for two hours prior to sealing, which was controlled by the three way 
valve. 10 ml gas stock was injected through the valve, then it was thoroughly shaken. 
After shaking, the cubitainer was set for about two minutes to allow bubbles escape to 
head space. The head space was then removed through the valve. For the iodoacetic and 
iodotyrosine experiments, the head space was not removed and sulfide concentration in 
the solution was kept constant during the experiment.
GC measurement of sulfide: Concentration of sulfide was determined using the GC- 
FPD technique (Radford-Kncery and Cutter, 1994), with a dectection limit of 10 pM and 
precision o f 5% (RSD).
Polarographic determination of iodine species: Due to the interference of sulfide, 
iodide concentration was determined after the sample was bubbled with purified oxygen 
gas for about 10 minutes. Interference of oxygen was removed by the addition o f sodium 
sulfide (Takiyanagi and Wong, 1986). Other procedures have been described in the 
Chapter H.
a. Reaction between iodoacetic acid and sulfide
Time*( in min.) 0 10.67 25.28 70.35 130 339 544
(5) (77) (130) (352) (550)
I'(nM) 0 26 49 59 79 108 184
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
201
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KV(nM) ND* - - - - - ND
Iodoacetic
acid(nM) 428 - - - - - -
SuIfide(nM) 603 599 575 604 597
Control P = 22 nM (at 170'), I' = 40 nM (at 658')
*(). Time for the determination of sulfide and all the follows have same meaning 
b. Reaction between 3-1-iodotyrosine and sulfide
Time*(min.) 0 10' 30' 90* 150’ 210’
I'(nM) ND ND ND ND ND ND
I0 3'(nM) ND ND ND ND ND ND
Iodotyrosine
(nM) 500 - - - -
Sulfide (nM) 571 576 567
*ND - None Detectable on the detection limits of 2 nM for iodide and 20 nM for iodate.
c. Reaction between iodine and sulfide in different sulfide concentration. The time for the
determination o f sulfide is listed in parenthesis.
Time (min.) Sulfide Iodide Iodate Total iodine
nM nM nM nM
0 112 102 343
6(4) 160 96
15(14) 140 120
32(37) 139 119 95
60(59) 146 129 86
90(90) 134 119 84
293(302) 121 131 76 327











5(4) 210 117 99
28(13) 201 154 69
50(33) 203 160 67
114(56) 194 151 68
263(118) 168 64 329
6(5) 285 81
26(19) 286 123 80
66(27) 288 147 67
84(72) 278 73
114(117) 261 153 72
184(196) 252 165 73 336
d. Temperature effect on iodine-sulfide reaction *
30°C 
Time (min) Sulfide Iodide Iodate Total iodine
0 105 119 343
5(16) 214 122 102
30(39) 210 144 95
65(61) 210 150 94
110(110) 185 156 91
260(260) 144 162 91
10°C
5(7) 215 129 102




Time (min) Sulfide Iodide Iodate Total iodine
28(30) 225 136 95
54(59) 219 122 92
114(113) 213 133 84
280(278) 198 124 87
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APPENDIX D
EXPERIMENTS ON THE PHOTOCHEMICAL DECOMPOSITION OP DOI
a. Photodecomposition of known dissolved organic iodine (L-thyroxine)
(Sample was made in artificial seawater. Experiment was carried out in 8/15/96, Norfolk)
Time 10:00 11:00 12:00 13:00 14:00 15:00 16:00 Dark Control
l-(nM) ND 267 408 432 427 429 436 ND
I0 3‘ ND 62 62 60 77 73 51 ND
I, 505 469 452 505 479 487 444 459
W/m2 768 775 865 872 858 826 776
Whr/m2 0 729 1576 2449 3322 4177 4972
b. Results from photochemical experiments in seawater
Sample collected from Lynnhaven Inlet, July 22/96, S= 18.081
Time 10:00 11:00 12:00 13:00 14:00 15:00 16:00 Dark Control
I'(nM) 154 170 178 226 245 245 223 157
1 0 ,- 56 54 56 61 63 61
I, 326 325 330 323 349 335 332 331
W/m2 480 779 300 928 830 794 580
Whr/m2 0 589 1378 2008 2654 3402 4099
Sample collected from Oyster point, October 1/1996, S=29.787
Time 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30
I’(nM) 262 257 275 321 320 319 319 323 318
10,- 58 72 68 72 74 72
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Time 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30
I, 448 448 456
W/m2 346 486 584 631 622 554 442 276 83
Whr/m2 0 417 946 1541 2192 2807 3293 3649 3820
Sample collected from Rudee Inlet, December 24/1996, S=20.368
Time 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 Dark Control
I(nM) 111 124 125 141 161 149 169 163 119
ICV 103 109 106 106 107 108 109 108
I, 343 349 345 339 346 342 343
W/m2 383 479 551 565 524 407 250 9
Whr/m2 0 365 880 1447 193 I 2383 2727 2812
Sample collected from Rudee Inlet, March 10/1997, S=I9.395
Time 9:35 10:35 11:30 12:30 13:30 14:30 15:30 16:30
I'(nM) 64 95 112 119 140 139 161 157
I03- 90 97 100 94 96 93 97 96
I, 297 306 312 302 292 303
W/m2 658 757 828 846 801 701 544 346
Whr/m2 0 666 1398 2269 3104 3847 4459 4915
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A PPEN D IX  D (Continued) 
c. Results from bottle effect experiment (glass tube)
(This is the same sample with that abve and the experiment was conducted on same time. 
In control experiment: [I']=71, [I03']=92 nM at time 13:40; [T]=71, [I0 3]=92and 
[It]=294 nM at time 17:51)
Time 9:35 11:00 12:00 13:00 14:00 15:00 16:00 17:00
T(nM) 64 102 113 115 130 126 126
I0 3- 90 94 92 92 96 106
W/m2 658 796 844 831 753 629 450 240
Whr/m2 0 986 1810 2667 3525 4172 4705 5021
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APPENDIX E
RESULTS FROM THE FIELD OBSERVATION IN  THE HOG ISLAND BAY
Cruise was carried out in October 13, 1995. Low tide: 5:30 am, High tide: 1130 am. 
Sample were collected with polyethelyn basket. The samples for the determination of 
nutrients and salinity were filtered through glass fiber filter.
Stations Depth
m














Inlet 0 32.28 16.8 0.2 1.0 0.8 0.153 0.295 0.506
(8 am) 5 32.28 15.9 0.2 1.0 0.8 0.084 0.268 0.408
10 32.28 13.8 0.2 1.0 0.8 0.080 0.280 0.418
15 32.29 15.3 0.2 1.0 0.7 0.066 0.236 0.374
20 32.29 16.5 0.2 1.0 1.0 0.082 0.273 0.396
(12:07) 0 32.27 3.9 0.1 0.8 0.4 0.085 0.256 0.407
5 32.27 2.0 0.0 0.8 0.4 0.100 0.286 0.393
10 32.27 4.0 0.1 0.9 0.5 0.093 0.217 0.336
15 32.27 4.5 0.1 1.0 0.5 0.077 0.269 0.383
20 32.27 3.0 0.1 1.0 0.5 0.085 0.221 0.388
Trans. (Surface)
Inlet (10:00 am) 32.28 7.7 0.1 1.1 0.2 0.086 0.235 0.399
186 (10:32) 32.28 28.4 0.3 1.5 1.8 0.065 0.277 0.380
188 (11:25) 32.32 14.5 0.2 1.1 0.9 0.078 0.247 0.355
191 (11:30) 32.30 12.2 0.1 1.0 0.6 0.081 0.237 0.375
193 (11:40) 32.29 8.7 0.1 0.8 0.6 0.093 0.301 0.401
194(11:46) 32.30 15.0 0.2 0.9 0.3 ND 0.260 0.340
196(11:54) 32.29 6.4 0.1 0.8 0.3 0.093 0.228 0.343
GV (12:01) 32.28 5.8 0.1 0.9 0.4 0.076 0.213 0.392
R6 (12:08) 32.27 3.5 0.1 0.8 0.5 0.093 0.167 0.377
Trans. (Surface)
R6 (6:25 pm) 32.32 15.6 0.1 0.9 0.6 0.057 0.263 0.391
GV(6:31 pm) 32.30 19.3 0.2 1.3 1.0 0.076 0.304 0.371
196(6:36 pm) 32.30 23.5 0.2 1.2 1.3 0.073 0.300 0.377
194(6:40 pm) 32.30 31.3 0.3 1.3 1.9 0.064 0.268 0.364
193(6:43 pm) 32.28 22.0 0.2 1.3 1.0 0.082 0.143 0.365
191(6:46 pm) 32.30 22.7 0.2 1.4 1.2 0.068 0.233 0.366















188(6:54 pm) 32.31 29.1 0.3 1.5 1.7 0.078 0.299 0.393
186(7:00 pm) 32.28 30.8 0.3 1.6 1.6 0.055 0.268 0.335
Out Inlet
5(12:41) 32.29 4.8 0.1 0.8 0.3 0.091 0.252 0.344
6(12:49) 32.27 2.1 0.1 0.7 0.2 0.105 0.213 0.402
7(12:55) 32.27 0.8 0.0 0.7 0.3 0.089 0.248 0.366
8(13:06) 32.28 1.8 0.1 1.0 0.4 0.112 0.223 0.415
5(5:51 pm) 32.29 16.6 0.2 0.9 0.6 0.096 0.266 0.401
6(6:09 pm) 32.29 13.3 0.2 1.0 0.2 0.081 0.233 0.295
7(6:13 pm) 32.29 8.5 0.0 1.0 0.7 0.107 0.232 0.406
8(6:17 pm) 32.29 13.3 0.1 1.0 0.5 0.105 0.261 0.401
Station and Location 
Station# Inlet 186 188 191 193
Location 37°21.66’N 37°27.17'N 37°26.17’N 37°25.06'N 37°24.60'N
75°43.09'W 75°46.05'W 75°45.36'W 75 °45.60'W 75°45.51'W
Station# 194 196 GV R6
Location 37°23.76'N 37°23.12'N 37°22.20'N 37°22.09'N
75°44.97’W 75°44.70'W 75°44.80'W 75 °44.62'W
Station# 5 6 7 8
Location 37°21.70'N 37°22.38'N 37°22.80'N 37°21.53'N
75° 42.43'W 75°41.63'W 75°43.83'W 75°44.62'W
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